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FOREWORD

i )
;‘ This publication contains the proceedings of and technical papers
{; | presented at the Fourth JTCG/MD Aircraft/Stores Compatibi11;y Symposium,
jfi ) held at the Civic Auditorium, Fort Walton Beach, Florida, USA on

; 12-14 October 1977.
?{ The purpose of the symposium was to bring together the technical
) ) expertise within Government and industry throughout the world to review k

and discuss compatibi{ity developments and experiences. Exchanging
methods and ideas iS essential in present and future systems development.
No one organization holds all the answers to aircraft/stores compati-
bility problems. Solutions to these problems depend upon coordinated

efforts by both aircraft and store designers who are aware of the other's
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requirements.
The symposium committee wishes to express its appreciation to those

persons responding to the call for papers, the authors and the presenters,

the session chairmen, and the attendees for their contributions in making
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-

the'symposium highly successful. Special appreciation is extended to
Major General Howard M. Lane, USAF, Commander, Armament Development and

Test Center, Air Force Systems Command, for his welcoming remarks in open-
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Acknowledgement is made to all those people from Eglin AFB who
worked long hours so diligently, cheerfully and efficiently to give
us such a pleasant, professional success.

Suggestions are welcomed for making our next conference (late
1979) even more productive. Comments may be forwarded to
Mr. C. S. Epstein, Air Force Armament Laboratory (DLJCE), Eglin AFB,
FL, USA, 32542. .

Publication of this report does not constitute Air Force approval
of the technical papers' findings or conclusions. It is published

only for the exchange and stimulation of ideas.

«%W@/ZW

CHARLES S. EPSTEIN
Chairman, Working Party 12
JTCG/MD
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THE JOINT TECHNICAL COORDINATING GROUP (JTCG)
ITS MISSION, ORGANIZATION, AND PRODUCTS

THE MISSION

: The JTCG was formed in 1964 as an attempt to better coordinate the

1 l identification and solution of various technical problems known to be

‘ common among the three major service organizations. It is a mechanism
to exchange information and jointly study identified common problems.

- Solutions are thus provided that are acceptable to the three services,
reduce duplication of effort, and enhance interservice operability.

THE ORGANIZATION

The JTCG (Fig 1) is chartered by the office of the Secretary of
Defense and operates under the direction of the Joint Logistics
Commanders (JLC). The JLC, which consists of the commanders of AFSC,
- AFLC, NMC and DARCOM, meet quarterly and agree on the fundamental
! courses of action to be jointly pursued.

Subordinate to the JLC are various working groups and panels. It
i is in these groups and panels where specific technical matters are
actually resolved using the broader guidelines provided by the JLC.
There are currently nine Technical Coordinating Groups (Fig 2) of which
the relevant one to this technical area is the second one - Munitions
Development (MD). Under this Coordinating Group there are fifteen Working ]
Parties (Fig 3). This symposium is sponsored by Working Party 12, Aircraft/
ggores gompatibi]ity. The structure of Working Party 12 is shown in

jgure 4.

THE PRODUCTS

The only practical way that a tri-service committee such as WP12 (and
its predecessor organizations) can exert any lasting influence is to
generate useful, timely, relevant documents addressing various aspects
2 of their broad problem area. Achievement of this goal is manifest in the -
o following sampling of WP12 efforts:

b, MIL-HDBK-244, Guide to Aircraft/Stores Compatibility.

',‘ Addresses broad compatibility considerations and provides specific guid-

) ance on selection of design and qualification standards, specifications
and criteria. (Publishedg

MIL-STD-1289, Ground Fit and Compatibility Tests of Airborne
. | Stores. Provides procedures and criteria for evaluating the physical i
: , compatibility of stores with aircraft in a ground environment. (Published)
|
«

:i xi
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- Aircraft/Stores Interface Manual (ASIM). Provides authorita-

: tive physical information on aircraft and suspension equipment needed to
make preliminary evaluations of physical aircraft/store compatibility
(Published). A second volume of this document is currently in prepara-
tion which will provide store mass properties and scaled drawings to be
used with Volume I for aircraft/store compatibility studies.

MIL-STD-XXX, Aircraft/Stores Certification Procedures. Provides
recommended procedures and criteria for conducting aircraft/stores compati-
bility ground and flight tests. Addresses preliminary tests such as wind
tunnel and structural tests as well as final flight tests. (To be published
about 3rd Quarter CY78)

MIL-STD-YYY, Bomb Rack Design. Provides geometric and structural
= design criteria, similar to that provided in MIL-A-8591E, for bomb racks.
S (In work, publication schedule not established)

Ajrcraft/Stores Compatibjlity Symposium. Held every other year
since 1969 to exchange problems and ideas throughout the internation
- military, industrial and academic community. Proceedings are published
| after each symposium.

; Joint Development Plans. JDP's are drafted for various products
g to be developed for joint service use. These plans, when finalized, pro-
. vide the basic guidance for design and qualification of the hardware
?egi;ed. A recent example of this is the Multiple Stores Ejector Rack
MSER). .
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THE INFLUENCE OF AERODYNAMIC DESIGN OF
EXTERNAL STCRZS CN

EFFECTIVENESS/COST RATIO OF AN AIR FORCE

()
(Article UNCLASSIFIED)

by
Clifford L. Bore

Hawker Siddeley Aviation, Kingston, Surrey, U.K.

ABSTRACT (U) The aerodynamic effects of external stores are
manifest by various changes to the psrformance,
flying qualities, manoeuvrability and integrity
of the aircraft that has to deliver those stores,
as well as the accuracy of delivery of the stores.
The extent and means of practical improvements in
aerodynamic design and techniques have been studied,
and it has been concluded that by introducing the
recommended improvements, together with
interchangeability, the effectiveness/cost ratio of
air force should be doubled or better. This paper
cutlines briefly the nature of the improvements
and discusses the effectiveness/cost concepts.

Approved for public release; distribution unlimited
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THE INFLUENCE OF AERODYNAMIC DESIGN CF

EXTERNAL STORES ON
EFFECTIVENESS/COST RATIO OF AN AIR FORCE

by

. 4

Clifford L. Bore

INTRODUCTION

Over the past ten years or so, aircraft designers have been coming to
the conclusion that the drag of external stores is commonly so
excessive that the loaded aircraft are seriously degraded, in terms
of effectiveness per unit cost, as a result.

Consequently research has been in progress in the U.K. for some years,
which has demonstrated that the drag penalties of external stores can
be cut drastically. Arising from a U.K. initiative, an AGARD Working
Group was set up under my chairmanship (ref. 1) to study the drag and
other asrodynamic effects of external stores, and this has now
concluded,

The detailed recommendations (on how to improve the aerodynamics of
stores) will not be discussed here but the broadest conclusions will
be discussed in the light of an attempt to put different improvements
into perspective by means of elementary effectiveness/cost assesszments.

EFFECTIVENESS FER UNIT COST OF AIR FORCE

The aim of the assessments

The first question that arose in the course of the study was "Why should
the standards of aerodynamic design change so radically halfway down the
store pylons"(fig. 1) ?

In trying to answer that, one immediately comes up against arguments
about the relative costs of aircraft and of the stores. So one needs
some way of assessing the value of aerodynamic qualities in terms of
money, to find which improvements will be the most valuable. It was
Clear that in the absence of such assessments we might be faced with
responses from store purchasers that might be paraphrased something
like this,

" 0.K., 80 you believe you can reduce aerodynamic drag, and release
disturbances, by redesigning stores and their carriers. You may well

be right - but do you realise how much all those stores on the shelves
cost ? It was A LOT CF MCONEY, and we will not spend a lot more withcut
a compelling reason ! How much are those improvements worth, in money 2"

Leading conclusions of assessments

That response contains good questions that merit unequivocal answers. It
is not claimed that the answers outlined here are '"correct", for there can

be no single well-defined scenarioc in which our air forces will need to N
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operate, but they do illuminate which features contribute most sensitively
to the effectiveness per unit cost. Furthermore, it is felt that these
broad-brush assessments are sufficiently conservative to justify these
conclusions that will be supported by the ensuing discussion:-

1) There is good reason to suppose that implementation of the improvements
recommended will at least double the effectiveness per unit cost of
air forces.

2) It seems that the necessary cosf of investment in research, redesign
and earlier re-equipment will be in the order of one per cent of the
benefit flowing from this.

Aasessing the value of an air force

The "value" is defined as proportional to its capability of killing
targets in a short intensive war, in which the majority of the stock of
aircraft are lost by the last day. The constant of proportionality is
taken as the cost of a datum air force with present-day capabilities and
costs, for the same scenario. Thus if modifications were incorporated
which would multiply the targzet-kill probability by a factor of 1.50 (say)
while the life cycle cost of the air force was factored by 1.10, it could
be said that the value of the air force was 1.50 times the datum value,
and the cost was 1.10 times the datum cost, so the modified effectiveness/
cost ratio would be (1.50)/(1.10), that is 1.36 - or a 36 improvement.

Drag

Fig., 2 shows an example of the significance of store drag on a fighter/ground
attack aircraft. It can be seen that with the original pylons and twin-store
carriers, the store drag when installed was one-and-a-half times the entire
drag of the clean aircraft, so that a mere 13. reduction in store drag was
equivalent to the entire drag of the wing. Improvements to the twin-store
carrier and the bottom of the pyloms brought the drag to the level that

has been in service (second block). Using more recent work in the U.X.,

it should be possible to cut the installed drag down to the magnitude
indicated by the dotted rectangle - a further improvement equivalent to
eliminating the drag of the fuselage and tail of the clean aircraft !

It is not conceivable that improvements agproaching this magnitude can

be made on the clean aircraft, whatever forms of advanced aercdynamics may
be devised.

In order to assess the value of the benefits stemming from drag improvements,
a number of mission calculations have been made, tased on typical drag
reductions demonstrated in wind-tunnel tests for pylon-mounted stores on
both AS and CAS aircraft. These reductions of drag were assumed to be split
ecually between the dropable stores and the pylons/racks. Greater benefits
could be achieved in many cases, notably when using conformal carriage.

As one would expect, the various forms of benefit differ greatly.

1) The saving in fuel for the mission is less than might be guessed,
because of the fixed allowances at base and for full-throttle flight.
For existing aircraft the lifetime fuel is reduced by about %% (and
the lifetime fuel costs about as much as the aircraft). So this is
not the big deel.
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Fig.1 WHY SHOULD THE AERODYNAMIC CLEANLINESS CHANGE AT THE PYLON?
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Fig.2 SIGNIFICANCE OF STORE DRAG AND DRAG REDUCTIONS
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For new designs, the size and cost of the new aircraft could be
reduced by about Jk, and the total saving of fuel would be around
12

! 2)  Area coverage over enemy territory, and target opportunities, would
: be increased about 3Fv if the aircraft were based at half its initial
radius of action behind the front line, and about 4&. if based back
' at two-thirds of its initial radius.

3) TFenetration speed may be increased by perhaps 0.05 to 0.10 in Mach
number. Typically this may reduce attrition and consequently the J
number of aircraft and crews needed by about 7% to 155.

' 4) Performance and manoeuvrability is radically improved, particularly
the SEP and turning rates. In air combat scenarios these benefits
are enormous, as can be seen by reflecting that an improvement in
turning rate of 5 degrees per second may halve the attrition rate
and would therefore halve the number of aircraft and crews needed for H
a given war. For air combat scenarios, the typical drag reductions
could lead to improvements of over 100 in effectiveness. i

5) The average benefit due to drag reduction would depend on the
particular mixture of modes pressed into use, but it seems reasonable
to suppose that a typical average benefit stemming from drag reductions
alone would be around 30% of the value of the datum air force.

Store Release

! The effectiveness of an air force is prororticnal to the probability of

‘ destroying the target, so that a programme wkich halves the average area

of weapon scatter doubles the value. To take another example arbitrarily,
improvements in store jettison techniques which reduce the dimensions of

the average scatter pattern by a mere 15~ (both laterally and longitudinally)
would increase the effectiveness of the air force by 20% on this score alone.
It should be posasible to do better than this quite readily.

Interchangeability and Standardisation

It has been agreed widely that NATO loses 30 to 5C% of its potential

effectiveness through lack of inter-operability (refs., 2 - 5). Furthermore,

there have been authoritative complaints of corrosion, fretting and fatigue of

K ageing racks, and too many different types of racks (ref.§). In effect, the

o only qualities shared by all existing racks are excessive drag and high

‘i release disturbances. If we accept the assurances given by high-rarking

: NATO officers, it follows that re-equipment with interchangeable racks and

; stores would multiply the datum effectiveness by l.4 to 2.0 on this score

v alone. To err on the conservative side, it seems safe to suppose that the

‘ benefits of interchangeability (with all the improvements in logistics
efficiency that follow) would be equivalent to at least a factor of 1.20

on effectiveness/cost ratio.

‘ COverall Benefits
f The overall benefits will be multiplied by each of the independent factors

of improvement. The factors discussed here have been assessed (rather
arbitrarily, erring on the side of cantion) as around 1.3 for the
performance benefits due to drag reduction, another 1.3 or more for

; improved accuracy of delivery, and 1.2 for benefits stemming from inter-

{ operability. In addition, there should be benefits stemming from
improvements in flying gualities, structural integrity and lower-cost store
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certification programmes. These benefits will be significant (particularly
the latter) but will not be allowed for here. Combining these, it appears
that the effectiveness of NATO air forces could be better than doubled by

« incorporating the improvements recommended.

Costs

Designs to improved standards would not be more expensive than current
designs, especially as standardisation would be improved. Je-equipment
earlier than envisaged would be the main expense. Fig. 3 shows an
assessment of life-cycle costs (based in part on ref,.?7) which suggests
that purchase costs for stores to last the lifetime of an aircraft are
around 1C of the life-cycle cost of the air force. It follows that even
a massive programme of re-equipment equivaleant to replacing 10% of all the
stores wculd cost only about 1% of the datum cost of the air force. It

‘ should be borne in mind that a great deal of the research that should be
3 put to use has already been done: it is the decisicn to use that

5 investment in knowledge that will be crucial,

MANAGEMENT CF DESIGN

It has been argued that very large benefits can be reared by investing

} a relatively small sum (the order of 1% of the benefit) in redesign of

& the aerodynamics of external stores and their carriers. At first sight

f L it seems incredible that such inefficient weapon delivery systems (in
terms of effectiveness for money) have resulted from such highly developed
L technologies as those at the heart of aircraft design and weapon design,

' especially to any engineer working assiduously on his assigned task in one
field or the other. How can it happen that such meticulous design in each
field may lead to such inefficiency when combined ? '

The answer is, of course, rooted ia history, but it can be seen now that
the trouble has been that the aircraft and the stores have been designed
as separate entities - not as intimately interacting ccmponents of 2 systenm.

The aircraft designer has been told (in effect ) "Design a machine that will
carry those stores a given distance at given speed, for minimum cost".
Meanwkile the weapon designer has been told to "Design a missile that
delivers so zuch punch, at minimum cost!, This simple splitting of the task
has aften resulted in excessively costly aircraft because trivial cost
savings on the store have led to grossly excessive drag on the combination,
Keeping the stores ''cheap' has made the air force expensive: a classical
case of "the tail wagging the dog" !

In case plain language is not impressive emough, it is possible tc state
this conclusion more academically. Weapon iclivery systems in the form of
aircraft with external stores constitute an ocutstarnding example of the fact
that, in general, a system is not ortimised by adopting the parameters that
would optimise isclated parts of the systen,

It can be concluded that aircraft and their stores should be designed and
purchased in conjunction, to optimise the weapon system. The results of
this recommendation will be manifest by elimination of excrescences, better
aerodynamic shapes of stores including carriers, revised positioning of
stores, improved crutchless (i.e. no sway braces), twin-ram ZRU's and much
wider interchangeability of stores onto different aircraft. Consequently

L fewer, smaller aircraft with smoother stores will provide more defence at

‘ . less cost.
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The great danger of compartmented management is that one man's "lot of money"
may be another man's ''relatively small sum', so that the 'relatively small"
investment needed to‘secure much greater savings (say 100 times the
investment) may be beyond the budget of the department that should make the
investment. As Lamar said (ref. 7), this is a defect of management not

only for purchasing (as in our topic) but alsoc when research and the thinking
stage of design is a very scall, and separately funded, part of the entire
air force procurement process. The overall sums of money are so large that
the wastages flowing from compartmented management should not be perpetuated.
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_' INVESTIGATION OF MUZZLE BLAST FROM THE AAH, 30mm,
' AREA WEAPON SUBSYSTEM

(Article UNCLASSIFIED)

1 | by

EDWARD M. SCHMIDT AND EDMUND J. GION
Ballistic Research Laboratory

- US Army Armament Research and Development Command
‘ Aberdeen Proving Ground, MD 21005

ABSTRACT: (U) An experimental program has been conducted to
investigate the nature of the muzzle blast generated from the 30mm
gun to be installed on the Advanced Attack Helicopter (AAH). Both
the free field and reflected blast overpressure levels are measured
3 in order to compare with existing scaling laws. The data show the

f blast generation process to be more complicated than previously
” anticipated., In addition to the initial blast pulse, a succession
of strong shocks are seen to emanate from the supersonic shear layer
of the propellant gas jet. In some cases, the secondary pressure
peaks are greater than the initial pulse. When compared with scaling
laws, the agreement with the data is poor. Not only do these laws fail
to predict correct pressure levels, they also lack sensitivity to
changes in the weapon configuration.
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I. INTRODUCTION

The installation of medium caliber weapons on helicopters gives
rise to interface problems between the gun and the aircraft. Both
the recoil and blast impulses must be absorbed or reduced to acceptable
levels, The Advanced Attack Helicopter (AAH) will incorporate a 30mm
automatic cannon as a secondary armament system. Under the condition
of maximum gun elevation, the weapon muzzle is placed in close proximity
to the aircraft surface, Fig., 1. Since the resulting muzzle blast may
damage structural and electrical components located in the helicopter
nose, it is of interest to examine the deta11ed firing signature of
the 30mm cannon,

Both experimentall’2 and theoreticals‘4 investigations of the free
field muzzle blast are available; however, since surface reflection is
a fully three-dimensional, unsteady process, the;e is only a limited
body of data available descrlblng this process . Mabey and Capps”
test a small caliber rifle in a wind tunnel and present data on the
overpressure pulse at an adjacent surface. This type study is appli-
cable to fixed wing aircraft which fire while in high-speed forward
flight, For helicopters, firing may be accomplished from a hover or
while in relatively low speed forward flight. Yagla6 has developed
a technique to estimate the reflected blast overpressures on the
surface of naval ships. The technique is based on a complete set of
data describing the free field blast structure which is then used to
develop the velocity at which the blast wave propagates across the sur-
face of interest, By assuming that a Mach stem forms at the point of
reflection, the overpressure level may be computed from the Rankine-
Hugoniot relations. The agreement between the estimated and measured
pressures is very good. The data on the free field blast structure are
currently being generated from experimental measurements, which limits
the use of the technique to those weapons whose properties are known.
Additionally, the method does not give information on the detailed
pressure-time history; rather, it only pexmits determination of the i
initial pressure behind the lead wave of the blast field.

One of the more accessible sources of information of both free
field and reflected blast overpressures is contained in a set of ]
scaling laws developed by Westine’»8, Using measurements taken in
the blast about a wide variety of guns, he develops a set of scaling
parameters to describe the complete pressure pulse, i.e., peak pressure,
impulse, and time of arrival, The parameters are based upon classical
bare charge scaling parameters, but include modifications to account
for energy imparted to the projectile, gun tube caliber and length.

The present paper is an investigation into the nature of muzzle
blast from 30mm cannon. The study is directed at measuring the
pressure pulses at selected locations, observing the blast develop-
ment and reflection process, and comparison of measured data with the
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Figure 1. Schematic of 30mm Gun at Maximum Elevation Relative
to AAH
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Westine scaling relationships., Based on the results of this initial
survey, the need for further research will be discussed.

II. EXPERIMENT

Tests are conducted in the BRL Aeroballistics Rangeg. Launch
velocity is determined from the spark shadowgraph station data. The
blast field is measured using the test set-up shown in Figures 2a and
2b. The 30mm cannon is located 300mm (10 calibers) above a flat plate
having dimensions of 0.9m x 0.9m x 0,02m, The plate is parallel to

~ the weapon boreline, Three pressure gauges are used to measure both
free field and reflected blast overpressures. The free field gauge,
FF1, is a static pressure probe of a "miniaturized" design manufactured
by Southwest Research InstitutelC, The gauge is aligned with gun
muzzle, 300mm (10 calibers) above it, On the plate surface, two Kistler,
3 Model 201B2, piezoelectric transducers are installed. One gauge, Pl,
F is directly below the muzzle while the second gauge, P2, is located
b 300mm forward of this station., In addition to pressure measurements,
spark shadowgraphs of the muzzle blast are taken. Only one photograph i
is taken of each firing; therefore, multiple firings are required to 1
describe the muzzle blast reflection process.

! At the time these experiments were being considered, the AAH
cannons were undergoing a reconfiguration to convert them from the
WECOM~30 round to the ADEN/DEFA family of 30mm ammunition. This
change was mandated in order to insure NATO commonality and inter-
operability, Therefore, an attempt was made to include representative
samples of both types of ammunition in the current testing. Additionally,
to cover the range of potential gun tube designs which were AAH candi-
dates, two barrel lengths were included in the testing. The first is
an aircraft cannon chambered for the WECOM-30 round and has a tube
length of 1.07m (42 inches). The second is a Mann barrel chambered
for the T206 round (a round similar to, but approximately 25mm longer
than the WECOM-30) and has a tube length of 1.27m (50 inches).

In each weapon, two different rounds are fired: the WECOM-30
and a simulated ADEN-30, Figure 3. The WECOM-30 is the 30mm Cartridge,
Training, XM639., Since actual ADEN ammunition was not available, a
simulated cartridge was fabricated from the XM639 cartridge by pulling
the projectile, inserting 5 grams more propellant, and reloading with
a 30mm, HEIT 306 E10 projectile. A comparison of the physical properties
of these rounds and an actual ADEN round is given in Table 1.

14
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Figure 3. Photograph of Test Cartridges




TABLE 1: COMPARATIVE CARTRIDGE PROPERTIES

PROJECTILE PROJECTILE PROPELLANT GUN TUBE MUZZLE
DESIGNATION WEIGHT (g) WEIGHT (g) LENGTH (mm) VELOCITY (m/s)

1067 682
f WECOM-30  XM639,TP 193 40
- 1270 666
1 SIMULATED T306E10,TP 256 45 1067 703
L ADEN-30
' 1270 662

i ADEN-30 MK4z 220 46.5 1516 792

The simulated ADEN-30 is seen to be a reasonable approximation as a
\ member of this family of ammunition. Examination of the muzzle velocity
i variation between the short and long tubes produces an apparent anomaly;
| namely, a velocity decrease as the gun tube is lengthened. This is
‘ due to the chambering of the longer tube. This weapon was chambered
i for a cartridge which is approximately 12.5mm longer than the present
rounds, As such, the initial obturation and combustion are not optimal
resulting in decreased ballistic efficiency.

III. RESULTS

A sample set of pressure gauge outputs is shown in Figure 4. The
data are for a single WECOM-30 round fired from the short tube; however,
the significant features of these traces are common to all gun/cartridge
combinations tested. The oscilloscopes are triggered simultaneously
by the arrival of the precursor blast* at the first surface gauge, Pl.
The main blast arrives at both the free field, FFl, and plate, Pl, gauges
simultaneously. Since these are both 10 calibers from the muzzle, this
indicates the symmetric nature of the muzzle blast prior to reflection
from the plate, The pressure decay for these two gauges is also similar.
Sixty-five us after arrival of the main blast both FF1l and Pl show the
passage of a weak compression, and after 200 us, the pressure at both
stations decays through ambient,

The trace obtained from the second plate gauge, P2, is quite
interesting. This gauge is located on the plate surface ten calibers
(0.3m) forward of the muzzle., The gauge output, Figure 4, shows the
arrival of a series of pressure pulses in rapid succession. The low

o]
.

*The precursor blast is generated by the column of air forced out of
the gun tube ahead of the projectile.
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Figure 4. Oscilloscope Traces of Transducer Outputs; Short
Gun Firing WECOM-30 (Sweep = 100 microseconds/div.)




amplitude pulse of 20 us duration prior to the main blast is the pre-
cursor blast. The short duration of this pulse relative to that sensed
at Pl indicates that the main blast is rapidly overtaking the precursor
blast, After the main blast, a series of strong secondary compressions
pass gauge P2 at roughly 100 us intervals. The second of these com-
pressions shows a peak overpressure jreater -han. that behind the main
blast, The generation of these pressure pulses is clearly observed

in the spark shadowgraphs, Figure S,

The time base is referenced to a time zero when the projectile
base clears the muzzle., Figure 5 shows the muzzle flow 86 us after
arrival of the precursor blast and 130 us prior to arrival of the main
blast. In addition to the precursor and main blasts, two sets of
compression waves are readily apparent and are identified in Figure S.
The first set, termed lip-compressions, originates close to the muzzle
lip within the shear layer of the propellant gas jet. This shear layer
is a region where the high velocity propellant gases are accommodated
to the nearly stationary outside air through the action of viscosity.
The layer is either initially turbulent or rapidly undergoes transition
to turbulent flow., Such a high velocity turbulent layer generates
strong acoustic signals as it propagates. These signals are observed
throughout the photographic sequence. The second set of compression
waves, termed outer-layer compressions, seem to originate in the outer
edge of the propellant gas jet, This region is thought to contain the
vortex or "smoke!" ring associated with weapon firing. The waves are
seen to coalesce in the downrange direction:as the flow field develops.
This behavior explains why the secondary compressions are sensed at
pressure gauge P2 but not at Pl., Because the optical data are from a
series of firings, it is not possible to develop a one-to-one correlation
between the observed waves and measured pressure pulses.

The overpressures measured for both rounds fired from the short
gun are presented in Figure 6. To permit comparison of the two sets of
data, the time scale is referenced to the arrival of the main blast at
gauge P1. The maximum pressure is measured at gauge P2, 45° forward of
the muzzle., For the WECOM-30, the peak overpressure is 3.1 atmospheres ‘
(45 psi) and occurs after a secondary compression. Unfortunately, i
insufficient data was acquired to fully define the ADEN-30 pressure
profile at the station. For the gauges located in line with the muzzle,
the reflected pressure at gauge Pl shows similar behavior to the free
field pressure at gauge FF1l; however, the amplitude of the reflected
pressure is roughly 2.4 times that of the free field value.

Similar data acquired from firings of the long gun are shown in
Figure 7. In this case, the peak pressures again occur at gauge
station P2; however, while strong secondary compressions are observed,
their amplitude diminishes with respect to that of the main blast,
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Figure 6. Measured Blast Overpressures from Short Gun,
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Comparison of Figures 6 and 7 demonstrates that the blast from the
long gun is less intense than that from the short gun., It is of
interest to examine the accuracy with which blast scaling laws model
these results,

IV. COMPARISON WITH SCALING LAWS

Westine7 presents a scaling analysis which describes the muzzle
blast from closed breech guns., The results are universal in the sense
that any caliber or velocity weapon may be treated. Both free field
and reflected blast properties are dealt with, By assuming that the
blast has a smooth pressure decay (Friedlander equation), Westine's
scaled peak pressure and impulse contours may be used to construct the
positive phase of the blast overpressure pulse,

In describing the free field blast overpressure and impulse,
Westine presents two types of scaling plots. In one case, he presents
contours of scaling parameters based on a series of 20mm tests, Figure 8.
In the other, he gives cross plots of these parameters along a line
perpendicular to the gun muzzle, Figure 9. These are based on mea-
surements taken from a wide variety of weapons ranging from a 0.22
caliber rifle through to a 10Smm howitzer. A difficulty arises in
comparing the two sets of data. Near the weapon muzzle, his contour
plots and crossplots disagree by a factor of three or more. For this
reason, both possible pressure pulses from his plots are computed and ,
compared to the measured data, Figure 10. |

The agreement between the results of the Westine scaling analysis
and the present experiments is not good. Not only does the scaling
law fail to predict the pressure levels and duration which agree with
a given set of test data, it also does not show sensitivity to changes
in the weapon firing configuration. For example, one of the peak over-
pressures predicted with the short gun firing WECOM-30 ammunition is
close to the measured value; however, when the ADEN ammunition is fired,
the prediction shows very low sensitivity to this change whereas the
data records a 40% growth in overpressure.

Westine also presents a set of scaling contours which describe the
reflected blast overpressure levels on a surface located beneath, but |
parallel to, the gun bore, These contours were developed from firings
of two different small caliber weapons and cover a standoff of from 16
through 50 calibers between the plate and the muzzle centerline. The
present data were acquired at a standoff of 10 calibers; therefore it
is necessary to extrapolate Westine's results to this distance. The
comparison between the scaling law and the present results is shown
in Figure 11, It is seen that the agreement is extremely poor. While
the measured overpressure levels show an increase of more than a factor
of two over the free field values, Westine's reflected overpressure
predictions are approximately equal to his free field values. This




r
-+

-1-
ﬁb
-

100

g :\\2271.70 T i

/\ 3.40
—i0.
0.2 V568

| ’ 1

_{
)
~-20 0 20 40 60 80 .
x/c h

— Tz

Figure 8. Westine's Contours of the Scaled, Side-on Overpressure
Parameter for Free Field Blast

TSN TR e S SOBREE TR ¢ pe 650 -




Y
.oo

O 0.22 Rifle ¢
O SPIW

o
T
>

Tolan

M-1

M-2 Carbine
0.45 Pistol
0.45 Grease Gun

0.50 Machine Gun
‘40 MM Grenade Launcher

XM -129 Gr. Launcher (High V)
20 MM Aircraft Gun

195 MM Howitzer

OFloD>=axoD gd

y/¢c

500

Figure 9. Westine's Crossplot of the Scaled, Side-on Overpressure

Parameter for Free Field Blast




e e v ey

Me] Suryeds s,ourisoM jo suoyidypexy _Wm
YITM ISBIG DPIOTJ 9314 JO SIUSWAINSEIY JUSsald Jo uosiiedwo) *gf sandiy ¥

(sw)y . ¢

w. w- .
v 0 T . M_
i J ‘.
O€ - N3QV /
Q3LVYINNIS / O -WOJ23M
— '
S
(sw) ) P
9 ‘9 v 2 0 ”
' o === _ 1 0
: T *d q
toidssosd auysap -—-—  \ . “a-d “
j0|d InoJuod AuISaM -~—- ,. . “
OE£-N3QV | . -1 Djop juaMIIND) —— : J1
Q3LVINNIS it 0g -WOJ23IM :
\ i

-rea.
-

w201 ="7'NNO LMOHS

R . e Y

T rup——— . —




1

(
3 . |
l 3 PLATE SURFACE GAUGE, PI

‘ PPy ——PRESENT EXPERIMENT
| Po | WECOM-30, SHORT GUN
b | ~.—- WESTINE SCALING LAW
! T
- |
) ! 0 o | 1 ! L J i
i 4 678 ?
i t (ms) |
| 3r PLATE SURFACE GAUGE, P2 |
s P -pc- ;

| -
0 0

|

E 4
3 Figure 11. Comparison of Present Measurements of Reflected

Blast with Predictions of Westine's Scaling Law

,'l

27
i

et




]
' y |
.,5 2
: | ‘ !
& GUN "
| =2~ STANDOFF, h
| .
{1 x SURFACE i
-
': !
|
v
! i ] ] ‘[ T T T T
| 120}
_ Z/C -
3
3 8ok
1l
2 . =
|
4 40
i
1 =3
4
f o}
Figure 12. Westine's Contours of Reflected Blast Overpressure 1
b Parameter for h/c = 50. :
3
? 28




A e DN

behavior is not physically reasonable. Reflection of a blast wave at
a surface aligned roughly perpendicular to its direction of propagation
should result in a significant increase in pressure over the free field
: static or side-on level., Even linear theory predicts an increase in
" pressure by a factor of two (as observed in the current data when }
comparing the pressures measured at gauges *F1 ind ™). This incon- *
sistency in the scaling law is not due to the extrapolation from 16 to
i 10 caliber standoff, Identical results are obtained in comparing his
- reflected isobar contours with his free field contours at similar |
' ' geometric locations, e.g., compare the reflected pressure isobars for
a standoff of 50 calibers, Figure 12,with the free field overpressure
isobars at y/c = 50, Figure 8,

.A-.L____ -1

A further difficulty in comparing the measurements with scaling
laws or theoretical treatments is the lack of information regarding
secondary compressions. The data show that these secondary pulses are
a significant portion of the overall blast loading signature., In some
instances, these pulses reach absolute pressures greater in magnitude
than the initial shock. Additionally, they are seen to possess a
. fairly regular, high frequency structure which may excite structural
- vibrations of the aircraft,

- V. CONCLUSIONS AND RECOMMENDATIONS

An experimental program has been conducted to investigate the
blast field from 30mm aircraft cannon typical of those considered for
the AAH, The free field and reflected blast is examined both with
. pressure transducers and optical techniques. The results of this
% preliminary investigation show:

vy

a. There are strong secondary compression pulses generated
in the viscous, shear layers of the propellant gas jet;

b. These secondary compressions show peak pressure levels greater
than those behind the main blast;

¢. Comparison between the present measurements and existing
scaling laws show poor agreement both as to actual pressure pulses and
to changes in the firing configuration.

e .-

P A

& S
AR SR .

Based on these preliminary results, it is advisable to conduct
further research into the muzzle blast generation and reflection
process, More detailed data on the free field and plate surface
pressure would be obtained. The plate orientation with respect to
the weapon would be varied to examine the effects of separation
distance and obliquity. Simultaneous, sequential spark shadowgraphs
' of the muzzle blast would be acquired to define the origin of secondary
E | compression pulses and relate these to measured pressure data. The
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effect of muzzle devices in altering the flow phenomena should also
be investigated., Finally, it would be worthwhile to obtain data on
an actual aircraft (AAH) or components of it in order to relate
laboratory results and analyses to actual hardware,
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KINETIC HEATING
oF
AIRCRAFT CONVENTIONAL ARMAMENT AND EQUIPMENT
(UNCLASSIFIED)

by
KEITH G. SMITH

HUNTING ENGINEERING LIMITED, AMPTHILL, ENGLAND

ABSTRACT. This paper reviews the work to establish the
temperatures likely to be reached by conventional armament and
equipment when carried on representative operational sorties.
Results of extensive mathematical modelling are presented and for
model validation purposes compared with flight test results. The
validated models are then used to compute flight limitations, in
terms of cruise/dash Mach. No. and flight duration to prevent
overheating during sorties flown in varying sea level ambient
temperature. Various methods of presenting flight limitations for
operational sorties are presented and compared.
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INTRODUCTION

The carriage and functioning environment of weapons and
associated equipment carried on modern day strike aircraft is very
severe, particularly with respect to the temperatures resulting from
kinetic heating. Most conventional weapons and equipment corntain
explosive fillings and other components which have relatively low
temperature Iimitations. For example, the explosive filling of most
conventional weapons has an upper temperature limitation of 76 C; for
other weapons such as 3lr delivered rockets the maximum operating
temperature is only 70°C.

As a result of these relatively low temperature limitations
the performance of the aircraft delivering/carrying such weapons/
equipment must be limited to avoid a hazardous situation arising which
could endanger the delivery aircraft. To avoid such situations
arising it is necessary to apply the following limitations to the
aircraft's performance:

1. Limit the maximum likely ambient temperature
in which the sortie takes place.

2. Limit the Mach. No. during the sortie. .
3. Limit the duration of the sortie.

Obviously, under operational conditions these limitations are
often combined, It is not satisfactory to apply a single limitation.

To compute the maximum temperatures reached by weapon systems
and associated equipment it is essential to obtain data relating to
world wide sea level ambient temperatures likely to be experienced by
aircraft flying operational sorties. With this data avallable it is
then necessary to produce mathematical models which adequately predict
the temperatures of weapon systems and equipment flown on these
sorties. These models must be capable of dealing with a3 wide range of
methods of heat transfer, i.e. forced convection, natural convection,
radiation etc., and simple/complex weapon structures and installations.
With the ambient temperature known and the flight sortie
characteristics defined, the mathematical models can then be used to
compute the maximum temperatures likely to be reached. However, with
these temperatures computed, the problem of limiting the aircraft's
performance to ensure overheating ddes not occur must be addressed.
Defining performance limitations is particularly difficult because ''on
the day'' the pilot may wish to fly a sortie profile which is
different to that used in the mathematical modelling exercise, thus
limitations of ambient air temperature, Mach. No. or duration are not
strictly applicable.
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in this paper work conducted In UK on the overall problem of
kinetic heating of aircraft carried/delivered weapons and associated
equipment Is reviewed. Results of our studies into the likely sea
‘avel ambient temperatures, development of mathematical models and
their validation, and the prooiem of applying flight limitation are
presented.

. Our studies have been in progress for some 13 years and
Hunting Engineering are the sole contractor to the UK Ministry of
Defence, Directorate of Air Armament for this work. To monitor the
studies which are undertaken, MoD formed a Thermal Effects on Aircraft

* Conventional Armament, Stores and Equipment (TEACASE) Working Group.

The types of armaments/equipment considered Include bombs (high
explosive, practice and fire bombs), cluster weapons, flares, rockets,
fuzes, ejection release units and their cartridges, fuzing units,
ejection seat systems and many other specfalised cartridges and
pyrotechnics. Aircraft considered include Buccaneer, Phantom, Harrier,
Jaguar, Lightning, Tornado and F111,

The studies we have completed have also addressed the problem
of minimum temperatures experienced by weapons and equipment; the
mathematical models developed being sufficiently general to cope
adequately with both the low and high temperature environment.

! However, this paper considers only the high temperature environment.

SEA LEVEL AMBIENT TEMPERATURES

ln order to assess the maximum temperature likely to be
experienced by weapons, their components and associated equipment it
is necessary to first define realistic maximumn/minimum sea level
ambient temperatures in which operational sorties are likely to be
flown. The ambient temperature can affect the temperatures reached
by weapons/equipment etc. in two ways:

(1) The initial temperatures of components are
dependent upon the ambient temperature and their
possible exposure to solar radiation, particularly
for aircraft which may be on stand-by for periods
of up to 30 days.

(2) The stabilisation/recovery temperatures
associated with given flight conditions are
dependent on ambient temperature.

In addition to the maximum ambient temperatures, consideration
must also be given to dlurnal temperature cycles particularly when very
long repeat sorties are to be considered. The maximum temperature on
any day will only be maintained for a limited pericd of time and to
assess component temperatures during repeated sorties on the basis of a
constant maximum ambient temperature would give pessimistic results.

| N
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MAXIMUM GROUND LEVEL TEMPERATURES

' The occurrence of high ambient temperatures has been studied
and the results are presented in Appendix 1. Neglecting temperatures
with less than 1% probability of occurring, the following conclusions
can be made:

(1) in oversea areas, with the exception of the

3 ' Red Sea and the Persian Gulf, the maximum temperature
l1lkely to occur with a greater than 1% probability

: is 35 C. When the Red Sea and Persian Gulf are

o considered this temperature Increases to 40 C.

(2) The maximum temperature likely to occur over
. land with a greater than 12 probability is 45 C.
x This temperature occurs with more than 1%
probability only in the eastern part of the Sahara
desert.

LAPSE RATES

! For our studies in the UK MoD, two definitions of maximum
o tropical ambient temperatures are available and are presented in
‘ Figure 1. The Royal Aeronautical Sogiety (R.Ae.S.) Data Sheet
specifies a linear lapse rate from 45 C at sea level to -40"C at
' 48,000 ft.,othe corresponding Av.P.970 lapge rate is from 50 C at sea
level to 28°C at 3,000 ft. and then to -40°C at 40,000 ft. The
R.Ae.S. data Is based on conditions regarded as extreme being exceeded
on average only on cne day per year; the Av.P.970 data however is
based on extreme temperatures occurring on ten days per year. The -
two specifications are inconsistent for altitudes below 1,000 ft.,
however, at altitudes above 3,000 ft. the two are consistent with the
basis og which shey were compiled; the Av.P.970 temperatures being
. some 12°C to 14°C lower than those of the R.Ae.S. for the same
i altitude.

The R.Ae.S. data provides the most severe environment but is
possibly unrealistic for the following reasons:

(1) The temperatures at each altitude are
- experiencad on average in only ane location i
onces a year.

Bl . .

bhe' D
PRI

. (2) The maximum temperatures are .unlikely to
occur at all altitudes at the same time.

Thus, the speciflied Av.P.970 temperatures are thought to be

! the most realistic, and in the UK is the recommended data to use in
' kinetic heating studies.
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DIURNAL CYCLES

43' To assess the temperatures reached by weapons/equipment
during repeated sorties the variation of ambient temperatyre with time
must be speci fied. Figures 2 and 3 show the estimated diurnal cycle
of maximum temperatures over land and sea respectively. Both are
based on an assumad sinusoidal cycle between maximum and minimum daily

3 ' temperatures.

The highest mean dally minimum temperature during any one
; month for any recording station quoted in Reference 1| is 31.6°C.
;| Since this is an average valua, the minimum daily temperature can be
_ higher; but is uniikely to exceed 35°C. Thus, the diumal cycle of
4 the mlxlmug temparasure over land has been assumed to be sinusoidal
o between 45 C and 35°C.

Less data s available for daily minimum temperatures over
sea. However, for the purpose of kinetic heating studies the |
variation between maximum and minimum daily jemperatures has been
assumed to be the same as over land, i.e. 10°C.

SOLAR RADIATION

; The initial temperatures of weapons at take-off may be

affected by periods of exposure to solar radiation. For internally :
carried (i.e. bomb bay) components the effect of solar radiation is i
small, however, externallyocarried systems can experience an increase
in temperature of up to 25 C relative to the shade temperature.

The effect of solar radiation varies considerably with the ‘
type of weapon/component, particularly on its colour and composition ‘
of its outside surface. Hence, the effect of solsr radiation must
be considered separately for each type of weapon, detailed consideration
being given to probable storage and standby conditions likely to be
encountered.

RECOMMENDATIONS

From our investigations of maximum world wide ambient air
temperatures at sea level for use in kinetls heating studies it is
recommended that maximum temperatures of 45 C and 35°C are used for
overiand and over-sea environments respectivaely. It is also
recommended that these temperatures rupresegt daily gaxima of
sinusoidal diurnal cycles about means of 40°C and 30°C respectively.

¥
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1 1t is recommended that the diurnal cycles of Figures 2 and

3 be used for assessing kinetic heating effects during flight for

altitudes below 1,000 ft. and that the maximum temperature atmosphere

: specified in Av.P.970 (Figure 1) should be used at altitudes above
1,000 ft. irrespective of the time of day. .
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It is further recommended that the effects of solar radiation
.“ on equipment prior to take-off be taken into consideration.

MATHEMAT | CAL MODELLING
GENERAL INTRODUCTION AND DEFINITIONS

l When a body travels through the air at high speed, the air
] in contact with' the body wi il have the same speed as the body. At a
small distance from the surface of the body the air will be at rest and
A therefore a large velocity gradient will exist across a thin layer of
- | alr adjacent to the body; the boundary layer. As largs shear forces
exist across the boundary layer the work done by these forces is
converted into heat. At some position on the body (the stagnation
point) it s possible that the kinetic energy of the alr flow is
converted entirely into pressure and heat energy. The temperature °
associated with these conditions is termed the stagnation temperature
(Ts). On other surfaces, where the air is brought to rest by the
shear forces, and if the body was perfectly insulated the temperature
experienced by the surface of the body is termed the recovery
temperature (Tr). Apart from small areas which could experience )
stagnation temperatures, the recovery temperature is generally the
: highest tempsrature the body will experience. It should be noted that
i in installations where entry/exit holes exist on conical surfaces,
i vortex heating can occur and temperatures well in excess of che
stagnation temperature can be experienced.

; i f the temperature of the body is T, the rate of heat flow into
3 the body (q) will be proportional to (TR-T),

g = h(TR-T)

where 'h' is the heat transfer coefficient. The heat transfer
coefficient is a complex quantity and depends upon the physical
properties of the air, the surface temperature of the body and the
flight conditions. A large discontinuity in the value of 'h' also
occurs when the flow changes from laminar to turbulent; much higher
Y values being associated with the turbulent flows.

TYPICAL METHOD OF CALCULATION

; To calculate the temperature distcribution within the body it
i is necaessary to compute the recovery temperature and heat transfer
coefficient. A typical method of computing these parameters, for a
4 forcad convection heat transfer environment is presented below. A
s method of computing the temperature distribution in the body under
these conditions is also presented.
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Stagnation Temperature

From energy considerations JCpTs = JCpTa + & V2 where

T - Mechanical Equivalent of Heat

Ta - Ambient alr temperature (°K)

Ts - Stagnation temperature (°K)

v - Velocity of air (ft/sec)

Cp - Speci flc heat of alr at constant pressure (assumed
constant between temperatures Ta and Ts)

From the above equation:

<1)M2
Ts a Ta (1 +-%—I}-") where % is the ratio of specific heats
M is the flow Mach. No.

Recovery Temperature

The equation above for the stagnation temperature assumes all
of the energy of the air is converted into heat. This Is generally
not so, and the recovery temperature is a temperature allowing for
such losses, such that

2
Tr = Ta(l+r§%'1)n)

where Tr Is the recovery temperature (°K)
"ris the recovery factor

The recovery factor is a function of Prantl and Reynolds Nos.
and has the following values:

‘r' = 0.85 - Laminar Flow
‘! a 0.90 - Turbulent Flow

Thus, for turbulent air flows the recovery temperature is
given by:

Te = Ta (1 + 0.18M%)

Heat Transfer Coefficient

For forced convection in a fluid %—:—8* a Prk Re*

where Nu =~ Nusselt No.
St - Stanton No.
Pr - Prantl No.
Re =~ Reynolds No.
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it has been shown that for a wide range of Mach. Nos. and
temperatures a close approximation for the heat transfer in both
laminar and turbulent flow is obtained if the physical properties of
fluid (air) appearing in the incompressible flow equations are
evaluated at a.temperature corresponding to an intermadiate temperature.
The parameters dependent on this intermediate temperature are indicated
by the asterisk (*).

The Nusselt No. (Nu) Is given by:

Nu =& hx
k

where h - Heat transfer coefficlent
x = Sultable body dimension (ft)
k - Thermal conductivity of the fluid

The Prantl No. (Pr) is given by:

TR
where y a Viscosity of the fluid
Cp = Specific heat at constant pressure

The Reynolds No. (Re) is given by:

Re = !gg
where V = Veloclty of fluid (ft/sec)

P = Densityof fluid (slugs/fe)

Thus,

?%t}* - 9%9_}* %\3’?}'}* or %g_t}* - Cpr*




¥ Using Reynolds Analogy
’ St= 4 A.CF
where A is a constant and is derived experimentally. The value used is 1.22,

- CF is the skin friction coefficient and for a turbulent boundary layer is given by

‘ ChaBRra™/>
‘ ! where B is another constant which is determined experimentally and found to be
| 0.0825 .
Thersfors  St*=0.0504 Re*"/> p

V.p*

and hence h =0.0504 Cp.Re*

3 = 0.0504 CP(X%_{) 02y pr

= 1 is given by -
A =31x10 G;;IT)

i o

where T* is the intermediate temperature .

o2,
Therefore h = 0.0504 Cp vo.&) 31 x 10.9 T 32 P *
, x°2 pFarem

Sincef' = pTa where Ta is the ambient air temperature (°K)

T.
; h = 0.00159 Cp v°'8) p0-8 1,0-8
i L2 T.U.?)

Using a value of 7.72 for Cp (CHU/slug/°C )

C ——— e e

(% + 7102

h . e VO'GF o8 Tc (=4
xo.z T*O-9<Tn+ ”7)0-1

CHU/FtY/ sec/C .

The intermediate temperature T* can be calculated from

T+ a 0.58T + 0.42Ta + 0.0324%Ta

where T is the surface temperature of the body (°K).
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. I't can therefore be seen that the value of the heat transfer
‘ coefficient 'h' is a function of body surface temperature and is

‘ therefore a continuously varying parameter. Thus it is generally

i necessary to adopt an |terative solution for the values of 'h' and
T. Alternatively providing small computing time steps are used, and
the value of T Is not changing rapidly, the value of T calculated at
the previous time interval can be used without significant loss in

3 l accuracy.

- Calculation of Heat Conducted into Body

' ' The following paragraphs outline the equations for computing
X the heat conducted Into an axisymmetric body at a general longitudinal

station (x).

Surface Equation

_ ‘ Referring to Fig.4a consider the section of the body bounded by the
| radii Ry ond R3.

' This segment is then subdivided ot rodius R into segments of equal

thickness A R,each segment having the same thermal properties.

Let the temperatures ot Ry (surface), Ry and R3 be Ty, Tpand T3
respectively.

Then in a small time interval At for the segment between radii Ry & R2

Heat transferred into segment - Heat transferred out of segment
= Heat stored in segment.
i.e. '

nar R Te-(52T)] - <, £ (2~ 48)[(157)-(555)]

=R} AR. P G (T]I -T
where T‘] Ty ond T3) are the temperatures reached after time A t

h = heat transfer coefficient .
Ky = thermal conductivity of material

Py = density of material

C1 = specific heat of material .
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General Internal Point
At a point within the body where the adjacent matericls hove the some
properties, then from Fig. ka

KAt [RerdR]T(TeT'Y (T2 ] - x_.y_r[sz -AR][(T;‘T' _(r,.r']
AP.[ "%'”_(Jz_) ( 2 ) AR LT ’z"."') T")
. [%E'F.C.f AR PG| Ry [Ty -Ty]
At a point within the store where the adjacent materials are different,
then from Fig. &b

el Raea |[(TT) ()] - kot 89 [(35) - (5]

= [éil_lp,c + 4% F-;Cz] Ry [Tz"T;]

where K, 2, C2 are the thermal properties of the adjacent material.

_Equation for Cen tre cf Store

From Fig. bc
g (B(557)(55)] + el (¢

Solution of the above equations

, By substitution of the initicl values of temperature into the above e.qucﬁons a
'. set of simultanecus equations will be formed in each case from which the values
‘] of T‘|’I Tz] '1’3'I etc. con be obtained after the time interval At. These new
‘. temperctures are then used as initial temperatures in the above equations and
the new set of equations solved to obtain the temperatures after a further time

interval At. This process is then continued as long as recuired.
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Using the basic method of computation outlined a suite of
computer programs has been compiled capable of dealing with a complete
range of kinetjc heating problems associated with a variety of
different structures. The basic equations for computing the heat
conducted {nto the body have been suitably modified to cater for
non-homagenious badles in which the heat transfer can be by a variety
of different modes. The equations are of a very general form and
have been extended to cope with heating sources such as solar
radlation, natural convection as well as the forced convection outlined.

THEGRETICAL RESULTS
EFFECTS OF SOLAR RADIATION

lt has been éxplained in the eariier paragraphs how the
ambient air temperature and exposure to solar radiation has a
significant effect on the initlial temperatures of weapons and
equipment, Using the basic mathematical models outlined the
temperatures of weapon components and associated equipment have been
computed prior to being 'flown' on operational sorties.

To illustrate the effect of solar radiation and compare the
theoretical estimates with trials results, a conventional retarded HE
bomb will be considered. The general outline of the weapon together
with the location of the component under consideration, (the timer )
presented in Figure S. In the trial, the weapon was placed in the
open for a period of 24 hours with the nose pointing south. The solar
radiation intensity was measured by a solarimeter and the temperature
at the various positions inside and outside the weapon monitored by
thermocouples.

The measured and predicted temperatures experienced by the
skin of the weapon and the timer (i.e. thermocouple position 3) are
compared in Figure 6. This figure shows excellent agreement between
the trial and computed temperatures over the 24 hour period.

Many such trials have been conducted on a complete range of
weapons and equipment at di fferent sites throughout the world and in
all cases the simulations of the trials results have been very good.
We are therefore of the opinion that the models we have generated for
computing the tamperatures of components etc. exposed to solar
radiation have been validated and they can confidently be used in
kinetic heating studies.

For the retarded HE bomb the effect of the weapon's external
paint colour (absorption coefficient) on the temperatures reached by
the external skin and internal timer when exposed to solar radiation
have been computed using the model. The diurnal cycles of ambient
temperature and solar radiation used in_these computations are
presented in Figure 7 and refer to a 35 C sea level maximum
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temperature. The variation of skin and timer temperatures with time
when exposed to these conditions are presented in Figure 8 for
absorption coefficients ranging from 0.2 (white paint) to 1.0 (matt
black paint).

The Figure 8a shows that a maximum di fference of approximately
27°C occurs at the skin surface between the black and whits paint
schemes (absorption coefficients of 1 and 0.2). The corresponding
dl fference for tge timer can be seen (from Figure 8b) to be
approximately 12°C.

The same weapon was used in a radient heating trial using a
simulated heating rig. The skin temperature of the weapon was
continuously monitored and the heat Input so adjusted to simulate the
temperature~time history likely to be experienced by the weapon during
an operational sortie. The resuylts of this trial are presented in
Figure 9 which again shows good agreement between the measured and
simulated temperatures of the weapons timer. The results of this
trial glive confidence in the models ability to predict the heat
conduction into the weapon structure.

PREDICTION OF IN-FLIGHT TEMPERATURES

Flight trials using the weapon configuration previously shown
haxe been conducted in relatively high ambient air temperatures (i.e.
30°C). During the flight trials the temperatures of the skin, surface
of explosive filling and 3 ems deep into the filling of the weapon were
measured at varfous longitudinal stations relative to the nose. The
pertinent flight condltions for one of the flights are presented
below:

TIME (Mins.) 0 5 10 4o
SPEED (ft/sec) 300 832 925 925
AMB. AIR TEMP. °C 30 30 30 30

AIR DENSITY SLUGS/FT2 0.0022 0.0022 0.0022 0.0022

The relevant weapon details at a position 3ft. from the nose
are as follows:
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FIG. 8b Predicted Temperatures of the Arming Unit Timer when the Store is Exposed to Solar
Radiation in 8 35°C Sea Level Maximum Ambient Temperature
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PARAETER i "UNER FILLING
RADIUS (INS) ' 8.2 7.6 7.59
‘fgg%:l"'m' %) 0.0401 | 0.000068 | 0.000359
THERSAL OIFFUSIVITY* | 1.286 - - 0.0179
(tns“/min)

* Thermal Offfusivity “L‘f
C

Using this data in the mathematical model the variation of
temperature with time for the weapon's skin surface of filling and 3
cms deep into the H.E. filling is presented in Figure 10. Also shown
in the figure are the measured temperatures for these components.

Considering the difficulties In measuring the amblent air
temperature accurately during the flight trials, good agreement Is
shown for the skin temperatures and for the temperatures measured 3 cms
deep_into the HE filling. {f the ambient air temperature was changed
by 3°C excellent agreement between predicted and measured skin
temperatures would be achieved, and the temperature 3 cms deep into the
H.E. filling would be within 1°C of that measured.

The surface of H.E. filling temﬁerature however shows
considerable difference from thst predicted. This difference can be
attributed to:

(1) The mathematical model assumes perfect
thermal contact between adjacent materials.

(2) Difficulties of accurately measuring the
surface temperature, i.e. the mounting and
location of the thermocouples.

(3) The method of mounting the skin thermocoupies
on the instrumented weapon could result in heat
being conducted into the centre of the wespon.

It is however, considered that the theoretical calculations
give a sufficiently accurate assessment of the temperatures of the
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components within the weapon.

Many trials have been undertaken with a large variety of
weapons/equipment flown on many UK, European and USA aircraft; the
results obtained have been simulated using the sulte of mathematical
models developed and generally good agreement has been achieved.
Kinetic heating studies of this type have been in progress in the UK
for approximately 13 years, and we are of the opinion that our
mathematical models have been validated and can be used in kinetic
heating studies with confidence.

Considerable mathematical modelling of the temperatures likely
to be experienced by the BL755 Cluster Weapon have been completed. In
fact from the theoretical studies completed a decision to use the
relatively cheap "low temperature'' rather than the expensive '*high
temperature' bomblet explosive filling was made. The limiting
temperature of the cheaper filling Is 76 C and our modelling exercises )
pzsdictcd a maximum temperature under the most sevare conditions of
7 c.

Soms computed results for the BL755 Cluster Weapon when flown
on the hypothetical LOW-LOW and HIGH-LOW-HIGH sorties shown In Figures
11 and 12 are presented in Figures 13 and 14 raspectively. The .
components considered were: ) ~

Nose cone : 1
Cartridge/fuze assembly

Bomblet surface of filling

For completeness the variation of temperature with time for
these components when exposed to the ambient temperature and solar
radiation diurnal cycles of Figure 15 are presented in Figures 16
and 17. Again these Figures clearly show the effect on maximum
temperature of the external paint colour (surface absorptivity).

The basic mathematical models have been applied to a complete
range of weapon systems including Gun installations. Figure 18
presents the measured and simulated temperatures of the inlet air,
breech and feed-chute rounds of 30mm Aden gun ammunition carried during
a sortie of the UK Lightning Aircraft. The Figure shows good
correlation between the trial and predicted temperatures results
for atl three components.

Again the results obtained confirm the validity of the
mathematical models and demonstrate their flexibility.

Another heating source which must be considered when studying
gun installations, particularly the Aden Gun installations, is that
which occurs when the gun fires. Obviously, the increase in the
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breech temperatures which occur after gun fliring, is a function of
the number of rounds of ammunition fired. . From gqun firing trials
empirical relationships for the increase in breech temperature as a
function of the number of rounds of ammunition fired have been
derived for use In kinetic heatling studles.

For the hypothetical Low Leve! and High Level sorties shcwn
in Figure 19, the temperatures of the 30mm Aden Gun ammunition have
been computed and are presented in Figures 20 and 21. The effect of
firing 100 rounds of ammunition at the end of the dash phase, at
Mach Nos. of 1.0 and 1.8 for the Low and High Level sorties
respectively Is clearly shown. Also computed were the maximum
gqun/ammunition temperatures and end of sortie gun/ammunition
temperatures as a function of number of rounds fired for sorties
flown in varying sea level ambient temperatures. These temperatures
are presented in Figures 22 and 23 and Figures 24 .and 25 for the Low
and High Level sorties respectively.

Another environment to which considerabie attsntion has -een
given is that of the bomb bay of the UK Buccaneer Aircraft. The
engine jet pipes pass through the bomb bay and the stabiiisation
temperatures obtained are considerably in excess of the recovery
temperature compatible with ambient flight conditions. From flignt
trials results it has been found that during aircrart manceuvres :ne
bomb bay temperature could be related to engine r.p.m., and :this
empirical relationship had to be incorporated in the mathematical
models. For a straight and level flight at 200 ft. AGL and a Mach
No. of 0.825 in a sea leveé ambient temperature of h5°c, the
recovery temperature is 85 C. However, for the samg condi tions, the
stabilisation semperature within the bomb bay is 105°C, i.e. an
increase of 20 C due to jet pipe heating. -

For the hypothetical High-Lew-Low-High sortie presented In
Figure 26, the variation of temperature with time ‘or the VT307 Fuze
for external and jnternal carriage environments in a sea level ampient
temperature of 45 C are presented in Figures 27 and 28. Aithough
the heat transfer rates for the external carriage environment are
considerably higher than for the internal environment, the maximum
temperaturg recorded during internal carriage on this sortie s 5273
which is 8°C higher than for internal carriage. Corrssponding
temperature-time histories for the Ejection Ralease Unit No.2 Mk.!
for the external and internal environments are presented in Figures
29 and 30.

The maximum temperature limitations of both the VT907 Fuze and
Ejection Release Unit is 70°C, and this is exceeded during carriages an

zhs specified sortie when flown in a sea level ambient temperature of
SC.
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FLIGHT LIMITATIONS

To prevent the overheating of temperature sensitive components
of weapons and associated equipment, during carriage on operational
sorties, It Is necessary to somehow 1imit the performance of the
deiivery aircraft. These limitations could take the form of limiting
the ses level ambient temperature in which the sortie Is to be flown
or alternatively llmiting the flight Mach No. or flight duration.

Typical flight limitations for the internal carriage of the
Ejection Release Unit and VT907 Fuze when carried during the hypothetical
High~ Low-Low-High sortie (Figure 26) are presented in Figures 31 and
32. These limitations spply to the dash phase of the sortie and
combinations of sea level ambient temgerature, dash Mach No. and dash
duration presented ensure that the 70 C limiting temperature of the
components is not exceeded. Implicit in these flight limitations is
that the pre and post dash phases of the sortie are flown at the
specified Mach Nos. and heights. To implement these limitations in :
operational use could prove difficult and inflexible because of the
need to fly the specified pre and post dash phase of sorties.

To overcome this an alternative method of presentation has
been derived which enables the entire sortie; crulse and dash phases
to be planned so that the limiting temperature of a component will not
be exceeded. These so called Flight Limitation Charts are applicable
to sorties having no more than two phases with one phase being flown
at low level.

Flight Limitation Charts for external carriage are presented
in Figures 33 to U0 for the following components.

Figure 33 VT907 Fuze (70°¢)

Figure 34 - Ejection Release Unit Cartridge No.2 Mk.2 (76°C)
Figure 35 - Ejection Release Unit No.2 Mk.1 (70°C)
Figure 36 - Igniter Frangible Pillar No.1A Mk.1 (70%¢)

Figure 37 - 1,0001b Bombs N1, Hkblo, Mk.83 and S001b Bombs Mk.2!1
and Mk.82, Mod 1 (76°C)

Figure 38 - 2" Rockets A/C No.2 and No.3 In Launcher No.7 Mk
(MATRA) (607C)

Figure 39 - 1,0001b Bomb M.C. HbE. Mks 6 to 12 and 5401b Bomb Mk.2
(Torpex filled) (76°¢)

Figure 40 - Explosive Bolt (pylon jettison) (70°¢C)

() indicates maximum temperature !imitation.
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Method ‘of Use of Flight Limitation Charts

The following examples are presented to [llustrate the method
of use of the charts, and for illustrative purposes the chart for the
1,0001b Bombs N1, Mk.10 and Mk.83 having a maximum temperature
limitation of 76°C has been selected (Figure 37).

Examples
1. A sortie Is required to be flown with a low lsvel dash over

land in a sea level ambient temperature of 40 C; the Mach
No. and duration of the dash phase being 0.85 and 15 minutes
respectively. The crulse phase of the sortie is requéred
to be flown over sea, the ambient temperature being 30 C and
1t is required to fly at a Mach No. of 0.70 for 80 minutes.
What is the minimum altitude at which the cruise phase must
be flown to prevent over-heating?

Starting at graph 1, the Mach No. is set on the appropriate

sea level ambient temperature line, and a horizontal line

drawn from this point onto the left hand side of graph 2. .
From this point on graph 2, the shape of the curves is, then i
followed, until an intersection is made with the vertical line !
through the required low level dash duration. A horizontal
line is then drawn from this point onto the left hand side of
graph 3. This procedure is then followed until the point on
the left hand side of graph 7 is reached. On graph 7, the
line Is drawn horizontally across the graph, the point where
this line intersects the vertical line through the required
ambient temperature then gives the minimum altitude required.
For this example, the minimum altitude is 31,000 ft.

2. A sortie is required to be flowg entirely over land in a sea
level ambient temperature of 45 C. A cruise phase of 20
minutes flown at a Mach No. of 0.70 at 30,000 ft. is required.
What is the maximum duration of the low level dash which can
be flown at M - 0.82? Starting with graph 7 and working
from right to left the duration is found to be 8 minutes.

CONCLUSIONS :

This paper has outlined some of the work undertaken by b
Hunting Engineering Limited on the problem of kinetic heating of !
conventional armament and equipment when carried on sorties of modern i
day aircrafe.

Temperatures reached by sensitive weapon system components
and associated equipment have been shown to be dependent upon:

B NN B L At r?wmw P Lap
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Sea Level ambient temperature.
Exposure to solar radiation.
Flight Mach. No.

Flight duration.

Mathematical models used to compute the temperature-time
histories of components have been outiined and generally vaiidated by
comparison with experimental results for a complete range of different
heating environments and weapon systems/installations.

The results of mathematical modelling exercises have been
presented and used to compile Flight Limication '"Carpets’’. These
‘"carpets' presenting combinations of:

Sea level ambient temperature.
Flight Mach. No.
Fiight duration.

which ensure overheating of temperature sensitive components does not
occur.

An alternative, and more flexible method of limiting an
aircraft's performance to prevent overheating of components, the
Flight Limitation Chart, has been outlined and its use demonstrated.
Using the Flight Limitation Charts a typical two phase flight sortie
can be planned 'on the day' to ensure overheating does not occur.

The type of work presented in this paper has been in progress
in the UK for approximately 13 years and we are confident that we have
the necessary experience, mathematical models etc. to cater for todays
and tomorrows flight environments.
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APPENDIX 1 .

THE PROBABILITY OF THE
OCCURRENCE OF HIGH AMBIENT AIR TEMPERATURES
AMBIENT TEMPERATURE

Since the temperature achieved by an object in the shade is a function of the
ambient air temperature, it is important that the frequency of occurrence of
high air temperatures be examined. Fig.1 shows @ map on which are marked
isotherms of the highest ever recorded temperatures (absolute maximum
temperature), Fig.2 shows isotherms of the average of the highest temperature
recorded each year (overage annual meximum temperatures), and Fig.3
shows isotherms of the average of the daily maximum temperatures recorded

in the hottest month of the year.

Accurate prediction of the probability of particular ranges of temperatures
occurring connot be made without detailed excmination of the records of the
1800 metecrological stations from which the temperature charts have been
compiled. On the basis of the data available, and the following simplifying
assumptions, estimates have been made of the probability of specified
temperatures being reached.

Assumptions

In order to provide a simple method of numerical comparisen, the following
assumptions have been made:

) That the metecrological data used relates to o mean period
of 25 years,

(i) That the maximum temperature recorded in the last 25 years
is reached or exceeded at least once in any 25 year period.

(iii)  That maximum temperctures fail to reach the average maximum
as often as they exceed it.

(iv)  That, if the probability that the maximum temperature occur-
ing on any day will exceed an average maximum is —, the
probability of the temperatures being at or above the aver-

age maximum ot any time (overall probability) is{;; i.e.
it is assumed that the maximum temperature in any 24 hours
is maintained for six hours. However, the cbsolute maxi-
mum temperature is unlikely to be reached or exceeded for
more than 1 hour giving an overall probebility ofﬂ]; )

On the basis of these assumptions it can be stated that:

1) At any point on an isotherm of absolute meximum temperature
(see Fig. 1) the tempercture will reach or exceed the temp-

erature of that isotherm for mere than 1 hour on qne day in |

25 years, giving an overall probability of 75 x 385 x 24 = 215000 .




(73 At any point on an isotherm of average annual maximum temp-
erature (see Fig.2) the temperature will reach or exceed
the temperature of that isotherm on one day in two years,

giving an overall probability of x— rY S - : J

Q) At any point on an isotherm of average daily maximum for the
hottest month (see Fig.3) during that month the temperature
will exceed that of the isotherm on 15 days of the 30.
During the yaar the temperature will exceed that of the iso-
therm on more than 15 days since it may do so in months
other than the hottest. Her;ce the overall probability is

: 15
greater than 354 - 56

In areas bounded by an isotherm the probability of the occurrence of the ;
temperature of that isotherm is grearer than at points on that isotherm. 1

Figs. 4 - 8 inclusive, show maps on which the three types of isotherm con-
sidered are combined as lines of 'iso~probability' for fixed temperatures of
30, 35, 40, 45 and 50°C respectively.

Table |°shows the regions of the world in which temperatures of 40, 45, 50 3
and 55°C can occur and shows the probabilities of these temperatures occur-
ring.

3 NOTE:  All the information on meteorological conditions has been obtained
i from "Tables of Temperature, Relative Humidity and Precipitation
for the World" published by H.M.5.O ref. M.O.417 a-f.
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2 TABLE OF REGIONAL TEMPERATURE PROBABILITIES

TABLE 1
PROBABILITY
During Year 1 ] 1
219,000 2,920 96
During Hottest Month 1 . 1
18,250 243 8
TEMPERATURE REGION

55°%¢* Small area of Sahara Nil Nil
Desert

50°C Area of Sahara in 2 small areas
Algeria, Tunisio & |of Sahara Desert
Libya. Small area
of Sudan, Persia,
lraq, Pakistan,
Australia & U.S.A.

45°C North Africa, Sahara Desert Small area of Sahara
Mediterranean, Arabian Desert, Desert
Middle East, Persia, |Afghanistan & Pakistan.
Pakistan, India, Small area in Austra-
Australia and small {lia.
areas in U.S.A. and
South America.

40°c African Continent, | North Africa, Arabia, |North Africa

Southern Europe,
Southern Asia,
Australia, U,S.A,
and areas of South
America.

Persia, Iraq, Syria,
Afghanistan, Pakistan,
Turkmen S.5.R.,
Kazak 5.5.R.,

Uzbek $.S.R.,

India, Australia &
areas in U.S.A., South
America & China

(Inland), Arabia,
Iraq, Parkistan &
India.

* The absolute maximum werld temperature recorded is s7°c.
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; i ELECTROMAGNETIC CHARACTERISTICS OF ARMAMENT EQUIPMENT
| Article Unclassified
. (0)
l ! By
E: Edward Dankievitch
1 Dayton T. Brown, Imc.
] &
X
1 (D. Ballard, AIR 53211)
? Naval Air System Command
' i Abstract. (U) Aircraft armament systems initally were thought of
‘ as electromagnetic hooks that dropped bombs. The technical advancements
i in aircraft electronics and the increased level of the radiated envirom=-
l ment has exposed the armament system as both victim and foe in the elec-
tromagnetic compatibility war. It is the purpose of the laboratory to
verify if the test item meets the parameters of its design specification.
However, much of the armament equipment used today has been designed to
old specifications, the obvious result being the equipment "meets spec.”
) but is a potential problem in actual use. The purpose of this paper is
to describe the results of testing armament equipment in a realistic
: electromagnetic environment. The goal is not to call for a redesign of
i all armament systems but to expose the hazardous area to the aircraft
’ designer so that steps can be taken to ensure mission success.
F‘ "Approved for public release; distribution unlimited.”
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FIGURES

Wing Ground Plane

Conducted Emission, CE03/04 Triple Ejection Rack

Radiated Emigsion, REO2, Rocket Launcher Pod

Conducted Emission, CE03/04 Rocket Launcher Pod

Conducted Emission, CE03/04 Multiple Ejection Rack

Radiated Emission, RE02, Multiple Ejection Rack

Radiated Emission, RE02, Frequency Coded Firing Switch

Conducted Emission, CE03/04, Frequency Coded Firing Switch
Conducted Emission, CE03/04, Linear Electromechanical Actuator
Conducted Emission, CE03/04, In Flight Operational Bomb Rack
Latch

Conducted Emission, MIL-I-6181D, In Flight Operational Bomb
Rack Latch
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Not too long ago, the armament systems were thought of as electro—
mechanical hooks that dropped bombs. The concerns of the armament de-
signer were in the areas of mechanical loading, lag time, and that the
syster functioned during cold temperatures and altitude. Far down on
‘ha designer's list of concerns, if at all, was radio frequency inter-
ference. This placement was justified by the fact that the specifica-
tions allowed "no limitations" on the amplitude of manual operated
switch transient noise, not exceeding a maximum occurrence of twice per
normal operational period. The general interpretation of "operational
period” was, in the case of aircraft, one flight or mission. The re-
sult of all this was the broadband transients generated during the
activation of the armament system was exempt from measurement and thus
control. The susceptibility requirements of the old specifications
also failed to test the equipment to realistic requirements. It was
reasoned that a system composed of electromechanical devices could not
be malfunctioned by the electrical field created by applying 100,000
pv to the terminals of antenna.

Laboratory.teacing of armament systems under this type of specifica-
tion interpretation produced few failures and thus created a sense of
Security among the manufacturers and the users,

The technical advancements witnessed during the early 1960's caused
some people to stop limiting their thinking to terms of Radio Frequency
Interference and consider the electromagnetic compatibility of the entire
system. For example, the possible activation of electro-explosive devic-
es accelerated the study and implementation of Hazardous Electromagnetic
Radiation effects on Ordance precautions, As good as the HERO precau=-
tions were, they were concerned with only part of the problem. As the
aircraft became more technically advanced, it also became more suscepti-
ble to voltage transients in addition to creating vast amounts of conduct=-
ed and radiated RF energy itself. The problem and its potential for dis-
aster was recognized as one of compatibility among all systems, whether
located on the aircraft, land-=based, or shipboard. In short, the system
mst survive the RF environment; it must function within and it matters
not if this environment is intentional, inadvertent, friendly or foe.

. As the interest in the EMC parameters of the armament equipment in-
creased, the testing techniques and procedures were them scrutinized.
When an older RFI specification was called out in a drawing package, it
asked for nothing more than a test on a black box. Little comnsideration
was taken as to what the item was, how it operatad, how it was grounded
and what it was expected to do. The point most often overlooked was what
were the needs and requirements of the aircraft manufacturer, and could
compatibility between armament and aircraft be possible? In an attempt
to test the equipment in a configuration most nearly simulating the air-
craft installation, some basic changes to the test specification setups
were proposed., The first was to design a fixture that would provide a
typical ground scheme for the equipment. The specifications in general
would have the equipment setup on a ground plane and bonded to ground via
a copper strap., These ground straps connected to the cleaned surfaces of
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the test item and soldered to the ground plane would provide the best
possible ground.

i ' However, in the real world, as in the case of a MER or TER, the

i ground would be through only a single long wire. The mounting lugs and

= svaybraces would in most cases be anodized and painted, and could not be
relied upon for any type of ground path, It is this, the real world not
the ideal, that the equipment must be tested in. The proposed fixture
took the form of a wing ground plane. It was 10 feet long, 4 feet above

t the screen room floor with one end bonded to the screen room ground. On

3 the outboard end, provisions were made to mount the armament to be tested.

- Non-conductive supports were provided to handle the weight of the various

o "  pylons, ejector pods, and bomb racks. The power and signal/control ca-

3 bles could now be routed down the 10=foot wing ground plane to an auxilia-

3 Iy screen room entering through a filter panel. Control circuits were

designed for each test item to provide power, control and to monitor its

operation. The use of the anteroom provided RF isolation for the test

equipment., Thus the emission and susceptibility parameters of the test

item could be measured without chance of test equipment upset.

The providing of a realistic test bed for armament testing was par—-
alleled by the interest of the aircraft manufacturer to know exactly the
RF parameters of govermment -~ furnished equipment. Interest in this area
reached a peak when the difficulty in suppressing the EMI failures of the
o AMAC system became known. It was stated that perhaps the AMAC wasn't
' such a large problem when it was known that other equipments had demon-
strated EMC failures equal to, if not greater than, the equipment in
. question., It was at this point that the manufacturer of the S3A request-
L ed the electromagnetic emission profile of all GFE armament equipment it i
.. would carry. ‘

A test program was undertaken that would provide an EMI data base
for all GFE armament equipment. The equipment was tested to the same
specification that it was designed to, with the exception that all tran~
sients were to be measured and recorded, In addition, testing was also
performed to the requirements of MIL-STD-=461A.

T St

k- Prior to the preparation of the data bank of EMI data on armament ;
g equipment, a search through our files was performed to determine the ]

; magnitude of the problem. This search exposed excessive emission levels
: emanating, both conducted and radiated, from MER racks of 100 dB above

- the MIL-STD=461A limits. The collections of EMC data yielded the follow=

; :‘ ing results:

'.'ﬂ‘
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Max Above Spec. Max Above Spec.

Item Specification Conducted Radiated
TER MIL=-STD=461A 72 dB -
LAD-68/TER MIL=-STD=461A 40 dB 60 dB
MER MIL=STD=461A 100 dB 68 dB
FCPS MIL-STD=461A 75 dB 35 a8
BRO-14 (LEMA) MIL~STD=461A 75 dB -
IFOBRL MIL=STD=461A 68 dB -
IFOBRL MIL-I-6181D 42 dB -

This is a brief summary of the work that was performed. It is in-
tended to demonstrate that the armament equipments are capable of pro-
ducing high levels of broadband transient noise.

It should be noted that not only are the electromagnetic components
a source for this RF energy, but also the initiation of the impulse car-
tridges. When this data was presented to the Navy, the question was
asked what problems are caused by EMI in the fleet. Are not these equip=-
ments in current use with little adverse effects? The response to these
questions was that the high level EMI possesses greater threats to the
newer aircraft utilizing solid-state components and low level logic. The
result was obvious; all the equipment in present use could not be sup-
pressed and the new aircraft using this equipment would have to protect
itself against it. In the case of the S3A a study of its EMI vulner-
ability was concentrated in three areas. The first was to determinme what
level of broadband emissions it could tolerate. The second was to per-
form on=board compatibility tests with those equipments judged to be po-
tentially hazardous. The third and most unlikely to implement was the
suppression of the actual offending component. The reason for this was
only on new contracts could the newer specification be imposed. The
three-step program worked quite well. Components on the BRU-14 selected
for suppression were the IFOBRL and LEMA. An in-cable filter was de-
signed for the TER but was not needed when the compatibility tests in-
dicated the TER acceptable.

Up to this point the discussion has been focused upon the RF noise
generated by the armament equipment and the vulnerability of the new
aircraft. The next topic is then the susceptibility of the armament
equipment. The Electro Explosive Devices were protected by the efforts
of the HERO community and relays and stepper switches were not likely
to be affected by EMI. The cause them for concern came about for two
reasons: the new specification introduced a variety of susceptibility
tests and the use of low level solid=-state circuits. Two items found to
malfunction in the presence of RF energy were the Electronic Stepper
Switch and the Frequency Coded Firing Switch. Another problem was the
RF transient caused by the cartridge ejecting a sonobuoy, suscepting the
firing circuits and thereby ejected several other sonobuoys.
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: Do EMIL problems exist in armanent systens? Yes {ndeed. They create
it, are thenselves affectad by it and possess the ability to upset other

r‘ of very little concern.

ts. We have seen a when EMI vas
to a concern for what amount of RF energy

equi

the 1960's this began €O change

it exitted. The technological advanceménts in it and its control cir-

cuity has xade the armamsnt system 3 sotential vicgin o ™MI. The pres=

ent has exposed yst snother New aircraft will ba tested in

! field strengths of 200 v/m, aud in carrier-based operation could experi-
euce field strengths in exceas of several hundreds of volts per meter.

} The concern then, in addition to its wvulnerabilicy, is in the armanment

o irself acting as an antemna and coupling this high level BF energy into

the aircraft systems.

not to discourage the use of solid-state, digit-
or any of the other advancing technologies, but
L to expose the possible hazardous areas to the designers of aircraft and
‘ armanent systems, SO chat steps can be taken to ensure that all systems ;
are compatible and the aircraft cao function successfully in its resl |
enviroumsat. i

‘ The purpose here is
al composite materials,

.
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EDWARD DANKIEVITCH

EMC PROJECT ENGINEER

Mr, Dankievitch has been employed by Dayton T. Brown, Inc. since 1964.
During this period, he has been associated with the EMC Group, where
he is presently responsible for the technical aspects of EMC services.
These include: interference source studies and suppression, filter de-
sign, EMI related transient pulse phenomena effects and the preparation
of control plans, procedures and reports.

Education:

Dowling College
B.S. in Physics -~ 1973

New York State University
A.A.S, Electrical Techmology -~ 1964

Employment:
1964 to Present - Dayton T. Brown, Inc., Project Engineer

Since joining Dayton T. Brown, Inc., Mr. Dankievitch has had
the following duties:

- Provided consultation services to NASC on related EMP pro-
grams.

= Provide unique cost effective filtering techniques for
Aircraft Avionic Systems (Navy Weapons Racks).

= Automate techiques for interference measuremants
(Fairchild FSS=250 Spectrum and Surveillance System uses
and techniques).

- Integrate automatic techniques into mobile test facilities
for on-site surveys of power transmission lines.

= Design, implement and evaluate EMI suppression devicas for
aircraft, and ground support equipment.

- TEMPEST consultant and testing.
He is presently serving as a Consultant Member to the SAE

AE~-4 Committee tasked on shipboard EMC problems (i.e. vul-
nerability, EMP, EMI, and others).

Publication:

Laboratory Testing Advancements in High Level Radiation - IEEE
International Symposium on EMC, 1977
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: QN THE PERTURBED MOrIQN OPF AN AIRCRAP?
‘ FOLLON ING THE JETTISONING OF A STCRE

(v)
& (Article UNCLASSIPIED)
4 by
Sridhar M. Ramachandra

- Design Bureau, Hindustan Aeranautics m.nited
! Bangalare-560017, India

P o ABSTRACT. (U) Military aircraft carry stores like bombs,
! rockets snd fuel tanks which have to be jettisoned as required
1 oy the particular flight mission. The weight and inertia comn-
, tridutian of these stores forms a significant fractiom of the
5 carresponding paramsters of the basioc airoraft. Rurther, in the
r. case of externally carried stores the aerodynaaic characteristics
s of ths basic aircraft are also modified significaently by these
stares. Jettisoning of the stores imparts an impulasive change to
{ the inertial and aerodynamic paramsters of an otherwise trimmed

\ - Tlight thereby producing doth linear and angular acceleraticns
o to the aircraft aystem. 2The paper studies the perturbed motiom
i | of an aircraft in the ghort interval before the wvehicle is
trimed again by the Pilot after the atares are jettisomed.
Beginning with a set of faur coupled differential equatioms of
motion, analytical solutioma bave been obtained for the symmetrical
&ravity jettiacming of the s tores, giving the trim changes and
vertical acceleratimms encountered by the aircraft, An expressiom
is also given for calculating ths installed drag and 1lif}
coefficient of stares in the presence of the aircraft flow field
from a measurement of the aircraft accelerations immediately
after release, Examples of typical flight path perturbatimms for
a hypothetical aircraft comfiguration have been calculated.

| "Approved for public release; distribution unlimited"
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' LIST OF PIGURES
3‘ | Pig. 1. Aircraft and its coordinate aystem.

& Pig. 2. Description of store lccation geometry.
A ! Pig..3. Variation of longitudinal velocity ¥ vs. t.
- Piz. 4. Heaving velocity & vs. t.
Pig. 5. Variatiam of pitch velocity § vs. t.
' ' Pig. 6. Variastion of pitch angle @ va. t.
, | Pig. 7. Variation of yawing velocity I vs. t.
| Pig. 8. Variation of ¥ vs. t.
' Pig. 9. TVariation of & vs. t.
- Pig.10. Variatia of £ vs. t.
Pig.11. Perturbed trajectory (wind axes system)
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Appendix-1 Aerodynamic data of aircraft

E | _ Appendix-2  Aircraft-engine-store data

» Appendix-3 Assumed stare installation location
k. Appendix-4 Table of integral

k Appendix-5 Aircraft respmse to store jettiscm
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LIST OPF SYMBOLS

M, = mass of the basic aircraft after jettisan
My = wmes of the atore
" 1",1,,‘- moments Of inertia of basic aircraft about y and z axes

I,,L,= amemts o2 inersis ar stores a0y WeLr g - .73,
7 y and 3 axes ;
« . initial cruise velooity of d.rcrart befors jettison alang |
e x-axis .

%4’ a perturbation velocity companents almg x and 3 axes
| U4 = velocity compaments of aircraft along x and z axes
$/% = angular velocities of aircraft about y and z axes
‘ £2¢ = engine r.p.m.
' . T = engine thrust
‘ ﬁ, = cruising altitude of aircraft befare jettiaamm

| 'g,,l;u- Tedii of gyTatim of basic aircraft abait the basic
i aireraft ¢.g.

: &l’ fz- radiil of gyratiom of stores about their body ¢.g.
| H@ = Heawiside unit step functimm
kc = radius of gyration of engine about the axis of rotatim

' € = dimensimless longitudinal displacement of aircraft in the
§ wind axis system (positive to rignt)

g dimensimless vertical displacement of aircraft in the
wind axes system (positive downward)

% = mean asrodynamic time

@ = angle of pitch (positive nose up)

Y = angle of yaw

0 = demsity ratio

A%

G

c

Rt }

s M, /S’ c = airplane relative based aa m.a.c.
=  drag, lift and pitching moment coefficient of the basic

&
¥

aircraft

‘ fod - 4reg, lift and moment coefficient darivatina duc to
g g;.-' S ™,  stabilizer deflectim

5. = stabilizer, rudder and ailerom deflecticm
,%- drag, 1ift and moment coefricient due to the external store
yawing moment derivative due to rudder and ailermm

q?r’q'& *  deflsctim
S,

=  yawing moment coefficient of basic aircraft
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INTROIUCTI QN

Military aircraft carry stores like bombs, rocketa and fuel tanks

which have to be jettisoned as required by the particular flight missimm.

The weight and mament of inertia camtribution of these stares forms a
significant fractlan: of “he corresponding paramiters 92 she dagic zircrafl.
Further, in the case of externally carried stores under the wings and/or

the fuselage the aerodynamic characteristics of the basic aircraft are also
modified significantly. Jettisoning of the stores imparts an impulsive
change to the inertial and aérodymic parameters of an otherwise trimmed
£1ight thereby producing both linear and angular acceleratioms to the aircraft
gystem. However, thev developmenta leading to the conformal carriage of
--gtares ';o alleviate the problem socmewhat. These accelerations are made very
much more severs with the uge of power ejecticn far the release of stores

as with ERU o single store pyloms or TER ar MER systems which generate upward
reactions comparwble to the aircraft weight. It may be expected that the
releagse of the store disturbs the equilibrium of the aircraft for chly a short

--:-duration duration after which the Pilot applies carrective action to restore

1t back to equilibrium. The perturbaticns will be seen to ccnsist of a
lmgitudinal acceleration of the aircraft along the flight path due to a
sudden reduction in mass and aerodynamic drag due to reler’e of the stores,
Again the moment equilibrium about the airplane center of gravity is upset
dus t0 the sudden removal of the gravity moment, the moment of inertia and
the aerodynamic cantributioms to these momentas of the stores. Thia causges

aireraft pitching which when coupled with the gyroscopic inertia of the engines

al3o generates a small yawing motian., The yawing motion is aggravated in the
cagse of unsymmetrical store jettiason when a roliing motion is a natural
congequence,

MATHSMATICAL FORMULATION

Cansider the moticm of an aircraft (Pig.1) carrying external atores
like drop tanks, bombs or missiles carried e ither externally «r internally
an the case may be, In case the stcres are carried internally either within
the fuselage or the wing, the aircraft experiences finite perturbatims to
its mass and inertia characteristics because of jettigoning of the stores.
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If the stores are carried externally on pylons, jettiscning the stores
causes finite perturvations to both the inertial and the aerodynamic
characteristice of the aircraft. These perturbations cause momentary
variations to the trimmed recti-linear flight nath of the aircraft at %he
time of jettison. We shall be interested im studying the perturbed flight
path of the aircraft in tbe few moments after jettison before the human
pilot or autopilot system applies the necessary controls to restore the
aircraft to recti-linsar motiaon.

To begin with, we shall consider the case of gravity jettismming of
the stores symmetrically with reaspect to the longitudinal axis of the

a.ircrnrt The general equatiams of moticm relevant to this problem are
MU= F—- 'mC‘v'f—A’i)
mL =F +m Oli-— vp a
%z - H]+ (@ -y L')ﬁf'-l- y GrpD)-Ze2e T

L t= Mo+l G ]+ 2 =30+ %]

Assuming that the stores are jettisoned symmetrically with the aircraft
trimmed for straight and level flight and that the engine thrust line passes
through the lomgitudinal axis of the aircratft we get

2’=,6=,5=76=8;=§=0 (2)
Murther assuming that the aircraft inertia distribution 1s nearly
eymuetric so that I . £ 0, we may write eqas. (1) as
anw =/}"‘7"a:
="
z-n-i--fg,-f-LﬂJ
where l?x, Fy, Iy l are dsfined by and
F = T- £V sCQ+C,§)
= ma—Lp¥ sC§+€; +3v%?)
n’-J.Py"scEQ"-fq, S‘-f- C&y?*% °‘)]
'L"’!:fv *sb G,
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The axes of coordinates (x, y, z) are shomn in Pig.1, space fixed
coordinates being used with the origin coinciding with the center of gravity
of the aircraft at ¢ = to and ths flight path assumed parallel to the x-axis.
At tioe ¢ = to’ sevvisoning of sbs atores sauses discontinuous chagges:' in
the inertial and aserodynamic characteristics of the aircraft. The mass and

inertia of the aircraft at any time ¢ may be writtem in general, as
m = M, -+ HCt~2D

Zyy= Ryt Clag + G H e ¥) (5)
Z,j—fﬂcé +2 %) Ht0

and the aerodynamic coefficients c ’ C and C Ay be written
c,‘_.. G+ Gy HCE,- 0+4/1LK0+"797¢
q,,+ cq,, ca/c)c‘,) HCEt)
where H(t) is tbe Heaviside unit functiom defined by
H(t) = 0 t <0 } )
E(t) = 1 t >0
and assuming the nose up pitching moment to be positive, When dealing with

problem of multiple store jettisaming equ. (5) may be written as
M= M, +E M) HCl5?)

Zy= Ty 4.;(1 X VHCED
=7, +z(z +7n Z. Hr2)

where 7. » &‘.,Z,)_ refer to the mass, y and z cocrdingtes of the i-th

(8)

stare and the summation extends over all the stores jettiscned at cne
instant t,. Further the aerodynamic coefficients in eq. (6) may be

* written a!

G = Gt 4 KA+ E™ ) Z G HG Y
G= Gt F G ) ) (9)
Gr= G+ E (G, = €5,/) G I HUE)

Again €y ., G ., Gp ; are the drag, 1ift and pitching mamnt ¢ @triduticns

of the i-th store and the summation extends over all the stores jettisamed
at the instant t = to.
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Releage of the stars alters the flow field around the aircraft as a
_ function of time as the relative distance between them incresses. Because
3 ‘ of the complexity of the store motion and the even mocre complex interference
" £ield between the aircraft and the stcre, the coefficients of 4rag, lif:
A and pitching ncunt,c;" ,C;. and ‘:n. reapectively becams camplicated
i ‘ functims of tiwe t. To mln the problem tractable we sball assume them

to be canstant during the emall period of time of interest in this problem,

Purther, the induced drag factor K will be assumed to be the same with o
without the presence of thé external stores. Wheress, this may not be fully
satiasfied with the usual large sized external stores, like fuel m, it
may be more valid in the case of high density stores like bombs. If %, be
the velosity of the airoraft at t = t_ and %',y ¢’y ¢ the perturtatims
in the linear and angular velocities after jettisom and essuming

! &), (W/u) << (10)
E we may write the velocity compcments of the aircraft as ‘
| . UsU+U, D= : (11)
and the resultant velocity of the aircraft es
2, ay/a ’
V= (U709 2 %+% (12)

we shall assume the angle of attack o to be nearly constant during the
perturbed moticn 80 that & = O. Purther, the engine is assumed to be
operating at a constant rotational speed £2, at nearly cmstant altitude ho
3 80 that the thrust T canstant. The equations of motion (3) may be written
in linearised dimensicmless form as

3 (rm ) Bpy G —f o [t 4K Gem)Jo™ (4 + CugBy+ G
Gm”ﬂ)g =Q+mi)Qatts ) -2 TG+ %‘s;. +$Gy 3+ W) (13)

 Gr2gE = /2Ky [ K30 +2%) 44 Gy 1]

”" (+z i /2K NG +22) + Re e Se fe §

where we have defined , .
' Y=, =Wk, [=i/® T=t/® o=%,/c
i bo%/e 4=&fc =06 Te="m W= o, )

am’ m’__:-m"gz ﬂsé/c q,-r//(. .&s.ﬂ.ﬁl

Ar F 4

i sl gy Kphale  Kzkele %= 4
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Kohle  KomORT =Gty Tam/tm
4= 05;"'73/"';, Ko =(pt5 Vicez  Pe="/BSe fe=H /RS )

2 2
-z;”-""’"ok;, I'zfm"'t:: . 1?,: 3"5, ) I:‘z= ‘""‘gz'
U = O%fop’ W=o8pl’  §=°5/¢ I=297/0¢ J
and assuming further that the products .
wi~o, ¥§ =~o (15)

and representing E(t') by H for the sake of canciseness.

SOLUTICN OF THE GOVERNING EQUATIONS

: Equns. (13) represent a set of four coupled, autanamous, linear,
3 first arder differential equatins far the state variables¥,%’, g I of
the aircraft together with the initigl conditiocms

| %-y:zar’ 0 at ' = 0 (16)

An examination of equations (13) shows that the strategy of solutiom

1 | should be to solve eq. (13a) for U and use it to solve the remaining

' equaticms of (13) in sequence. Thus, the solutiom for the longitudinal
velocity perturvation % may be written from egn.(13a) as

% - %'mf' . (17)
YU =%, /T E=C- &) ‘
n, =X -faG) /R G+ )
; X = G“-/- az“a:‘ +%‘,+“&-
; T= 0"%/20.,..,,{} 32/(/“204-7"')/0'

The Y perturcation is seen to be an expanentially damped function in time |

where

(8)

. -— ‘]
vl t' with a time constant T defined above and attaining a maximum value ‘
! given in eq.(18) asymptotically. Further, from eq.(18) it is also seen

‘ that for a given aircraft, the relaxation time increases with altitude

and the relative atore masa parameter m'. The langitudinal acceleration
alomg the flight path after jettiaonm is larger for high drag and light
weight stores than for low drag and heavier mmes. Using ¥ we may write the
solution of § in eq.(13c) with the initial candition (16) as

8= [F/apP][2p72 +G-pT+2%0a T, (19)
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where ’ - a.a" /4,«,” G+m? $,-2 ﬂ/"ml

M M,+M:. M= Cm +¢~, My = q%- g‘cvg‘ (20)

§ =L

with’ asgumed positin nose-up. Since ’Z z-@’/’é’)//“c , integrating f with
~F
Tespect to i' #e obtain 2a expressica for the angle of jitch 9 as

o= %'-'_L‘P-‘—':-: {t'(l'ﬁf)(“" Bmas)+ 2pT 55— Y2P ?;2 d """72‘,} (21)
Again, the solution of thea heaving velocity perturbation#’ may be obtained
from ¢q.(13b) and atter scme simplificaticn caa be written as

0 = [hy+hh U+ 2 Emaa)]t + 24, (B 'ﬂ" /’-)g _FI (22)
where |
o T o -T2

Similarly, the soluticm for the yawing velocity perturbation I may be obtained
from eq.13(d) which may be written after aimplification as_

T= A, [cu-z 2, )+ R ?gt]-f-ﬁ,- g ) (24)
wh
ere b= ‘%/(_ — e K2 fa fhs /lJ/(H-m’)
hy = e S2e e pi [pU+T%) (25)

N= C” +C S -+ 4, 3a
The vertical wcolmtim Ny of the aj.rcrart, noarmal to the flight path, at
the instant ¢t = O due to the store release can be written

z .
M= (B/7), = 40//"4 m 48 ,__z;a”;"h’%—l (26)
whorc‘h’a is odbtained from eq.(24a) by differentiating with respect to t'
and setting t' = O

= Czo'" czgjs"' QA

(27)
2
%= w/se |
and '}‘ is the Froude's number of the aircraft.
The langitudinal acceleration 72, of the aircraft along the flight path due
to the store releage is given by
/-
= -4
=, (28)
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where 7%, is the maximm flight path acceleration attained at the instant
t' = 0 and is given by 8q.(18). It is also seen from eq.(28) that 7%
decays expaneatially with time with a time constant 7T . This expregsica
—~can ge ﬁsed 70 9stimarte the installed drag coerlricient %ot me T a
r clugter of gtores from flight tests by measuring the longitudinal accele-
i ‘ ration ‘?L. of the aircraft with a sensitive accelerometer, since the
airplane zero-lift drag coefficient Q,’ tte induced drag coefficient G,
and the trim drag coefficient G;’JS will be known far a given aircraft.

C e e ot S i

If the accelerometers are placed in the plane of symmetry of ihe

¥ aircraft at its center of gravity with their axes parallel and perpendicular
t0 the lmgitudinal axis x' of the aircraft, tbe measured accelsrations
("L,,&,) in the body axes system are related to the acceleraticms (ﬂz‘,’k)

| of equs. (25) and (28) in the wind axes eystem by the equations

| My = My COSK — Tl St X

o . Aunct (29)
! €n ﬂzl m“'l'ﬂ
!

: z
which are reduced to o
- A T
R= =X Te= T TR (30)

for small angles of attack ac of intereat.

The store drag coefficient G may be expressed from eq. (18) .
G 2L [C+Grm? R (G B+ G) (31)
This expressicn may be compared with that given by Pinsker [1] and
King [2] . Pinsker's expression for the installed drag coefficient of a
gtore may be written in terms of the present symbolisn a8 !
G =2 G~ (2 )7, S (32) i
smmrly, eq. (26) may be used to obtain the installed lift coefficient :
; Cz‘ which, even though of relatively secondary importance, is nevertheless i
of intereat in the study of aerodynamic interference problems. Thus, we

s
- !u‘ ry e

i

Lt
B AN S

3 write Cpoan |
iy IR (33) |

It is interesting to study the trajectary of the aircraft in the wind axes
system after releasing the store. The trajectory parameters (X,5 )

s o sl e
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are obtained by integrating eqs. U y & and I with respe¢ to t' and may be
written as

E= e Upax CE+ 4 o (34)
% =—pe{Chythh <l+zz¢cm)]‘ 2 ‘;rﬁ'@u TE)

-;%L!__) [£°0-p )0+ 2 Loman) -2 T2~ /-p'e'-r.eam;l” (35)
VM iy (1+z%.~)f+1tgmx(¢+ff)] - 36)

In thu % is the angle of yaw of ths aircraft at tims t! with respect to the
initially trimmed flight path directicm.

-Appendix '3 contains a liast orf typical integrals used in obtainirg the
above solutims.

N R

DISCUSSIQN OF RESULDS
Pigs. 3-8 show the variation of the perturbatian parameters,#« , 2 ,
T ,6 ,¥% with the dimensionless time in the interval O0<< t' < 1 for the

~

" Phantom P-4 aircraft with assumed engine data for a typical case of symmetrical

jettisan of 2 x 1000 1b. bombs for two f£light altitudes O and 15000 f3. and
three Mach oumbers 0.6, 0.8 and 1.2, Cases of gimiltaneous release or 4 x 1000
1b. bombe are shown for the trajectary paramsters £ and & . The variatiom of
the perturbaticn trajectory parameters £ , 5 of the aircraft for a given
altitude and Mach number are shown in Figs.9 and 10 as & function in time in
0L t'<L1 in the wind axes system while the perturved flight path iteself is
shomm in Pig.11., The aerodynamic characteristics of the aircraft reguired for
these enﬁplo calculations have been taken from Ref.3 and are listed in
Appendices 1 and 2 while the store inertia properties and their assumed insta-
llation locations are listed in Appendix-3 for a particular type of 1000 1b.
oomb in use.

It is seen from these figures that, in general, all the parameters ¥, #,
Z y T show a reversal of trend between M = 0.8 and 1.2 for both h = O and
h = 14 Kft which may be explained by the differences in the aircraft aerodynamic
characteristics in the subsonic and supersonic speed regimes. The relaxatiom
time 7 increases with altitude and decreases with Mach number as may be
expected. )
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The variation of the longitudinal velocity perturbation y is shown in

‘ . Pig.3. The perturcation velocity u exhibits a nearly step jump over a short

' ' time period, the magnitude of the jump decreasing as the flight Mach number .
increases from M = 0.6 to 1.2.. The increment u’.‘az in the longitudiral
velocity increaseas from 14% at M = 0.6 to just 2% at M = 0.6, the increments
increasing with the flight altitude. Increasing the mumber of stores

u jettisoned also mcreagoa u.m althaugh not appreciasbly.

The interesting behaviour of the heaving velocity perturbation 4 far
b =0and M = 0.6 is shom in Pig.4 far the case of simltaneous jettison
of 2, 4 and 6 x 1000 1b, bombs where it is seen that 4 < O (upward) at first
attaining a maximum negative value and soon changes into a positive {dowaward)
- velocity, increasing monotonically and rapidly. It is seen that the time
interval over which this trend reversal of &’ occurs decreases rapidly as the
| jettiscmed weight (tbe- number of 1000 lb. oambs) increases, the magnitude of
| the maximum negative value of %) also following a similar oehaviour.

The perturbation pitching velocity g and the pitch angle & are
increasingly nose up between M = 0.6 and 0.8 and became nose down for ¥ = 1.2.
The pitching velocityZ(Fig.S) caused by store dropping is also seen to be 3
significant and larger at higher altitudes than at sea level due to the higher
density and the aerodynamic damping prevailing at:the.lower altitudes., -

+

- The yawdng angular velocity perturbation I (Fig.7) due to the coupling
g between g and engine gyroscopic torque changes sign in the sume Mach number
E range as aoove, although neverthelsss, the heading change caused is negligivle
(Pig.8).

Pigs. 9 and 10 for the variation of£ and 5 with t' show the nearly linear
! behaviour of all the curves. The actual perturbed trajectory of the aircraft

. in the wina axes reference frame appears to be nearly linear (Pig.11), the
flight path becoming steeper as M increases from 0.6 to 1.2. However, the sign
of the flight path slope reverses as M increases from 0.6 to 1.2. The sign

of the flight path slope also reverses as M increases from 0.8 to 1.2 for both
sea level and 15000 ft,

—
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Appendix 5 contains a table of the overall aircraft respmse to stores
release as a functiomn of altitude, Mach ngumber and the weight of storea released.
The longitudinal acceleratiom B, due to store jettison is seen to be higZher at
dea Bvel Zien at 18020 24, due to the Sreater-iuore drng roliel uotained at
sea level compared to that at the higher altitude. The normal scceleratiam
ia lowsr at a higher altitude than at sea level increasing from M = 0.6 to 0.8
and cecreasing between M = 0.8 to 1.2.

In the cage of ungymmetrical store jettison, the analysis requires
consideration of the roll mode of the aircraft and side slipping motion in
addition to the four degrees of freedom considered above. This will be discuassed

in a later paper.

The aircraft undergoes a la:gi‘c;adinal trim change due to the release of
the store and the subsequent motion so as to bring the airplane back to the
initial trim speed %, prior to stare drop and in addition to equilibrate the
longitudivral moment unbalance. '

The above analysis of the aircraft{ motion can alsc be used in the case of
stores ejected from TER or MER or single store pylons in which the stores are
g8iven an initial inpulse, essentially in the form of a dommward velocity. The
aircraft experiences a reacticn comprising of an upward faorce and a corresponding
moment about the center of gravity of the aircraft which may be modelled for
mathematical analysis in the same manner as above in the case of gravity releasge,

SUMMARY

A method far calcuhlti.ng the disturbed motica of an aircraft subsequent to
release or external stores has been described. A method far the flight deter-
mination of the installed drag and lift coefsicients of single or mltipls stares
using these results is also indicated,
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APPENDIX - 1

AERODYNAMIC TATA OF AIRCEAPT

H 0ft. §=1 15000 tt. &= .565
" 0.6 0.8 1.2 0.6 0.8 | 1.2
<, 1.3 0.5 0.4 3.4 1.2 0.1
& 0 0.4 -1.0 . <1.25 0.4 1.5
e 0.15 0.08 0.03 0.21 L 0.15 0.05
Co .0205 .015 0.04 .028 .0205 0.04
G, |-.01T -.0143 -.0402 -.0155 -.0174 -.0399
 Cxgy | 0082 .0030 -.0021 .0228 .0078 .0006
Czo | --1504 -.0801 -.0297 ~.2113 -.1504 -.0501
G | 0095 .0128 .0016 -.0027 .0058 -.0039
G, | o .205: -.. 07 .co -0 -.0..
Coogy | +0CO .0034 -.0078 -.0122 -.0037 -.0134
oz, | 0095 .0095 .0095 .0095 .0095 .0095
C;& .0082 .0030 | =.0021 .0228 .0078 .0006
Cosy | =359 -.345 -.3000 =.3843 -.3699 -.35
-1.5871 -1.5669 -1.837 -1.6547 -1,6209 -1.9586
C,_A .36 .345 3 .385 .37 .35
.;C/M) -.53 -.48 -85 -.56 -53 =51
’(/m) -2.35 -2.32 -2.72 -2.45 -2.4 -2.9
(00| =+068 -.058 -.025 -.0725 -.063 -.035
’r(/,u;) .008 .01 .005 .005 .009 .0065
,‘(/m)* .0025 <004 .001 .0024 .0035 .0100
D .035 .028 © .004 .04 .035 " .015
“rae| 5719 7539 45235 4472 5821 25558
T (lbe) 537 955 2148 302 539 1214
by | 6333 8493 47383 4775 6360 26772
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APPENDIX - 2
AIRCRAFT ENGINE STORE DATA

S = 530 £%°
; = 16.“ :*v‘o
b - 38067 “o
Ly = 122186 slug - £t°
Lz = 139759 slug - £ ‘
LA = 3672 b. (J79GE8)
K.‘ - 1.1 fto
& = 9067. tto
;‘ = ] 8.0 tt.
N“ - 1000 lbo
- Ly = 8.872 slug £t° per bam

I,z = 8.872 alug %2 per bam
W, = 38924 1b.

Rotar weight = 40% Engine weight

Rotor mass = 0.4 x Engine mass = 45.652 slugs (assumed)
Engine max. B.P.M, = 10000, idling r.p.m. = 0.4 x Max.
r.p.m. (assumed)
Engine idling enguler momentum = 23200 slug - £t2/sec.
radius of gyration of rotor = K. = 1.1 2%,
q“ = 2.0019 per bowb.
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1
APPENDIX - 3
P - ASSUMED STORE INSTALLATION LOCATION
: ! . 0.5 (b/2) spanwise
; 0.2 ¢ streamwige cu chord (local chora anit)
‘ 0.35 ¢ below the wing
; ! g‘ = 005 p 4 '&éﬂ = 9.57 fto
F | As = 8 1. agsumed
i 5, 0.00167 x 28 ' o
X - e ———————m— = 0.000 ]
& qﬁ %5 S 530 x (0.3048) % J
i Kﬂ’ Kxa 0.3207 x 0.508 m. ‘
;| ‘ 0,3207 x 0.508 |
' = 0.5068 ££. = 0.5345 f£t. |
%
: 1000 2 2
: 1,'”= A 32,2 = (+5345 )" = 8.872 slug £t
; )
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t APPENDIX - 4

DABIE O IVIEGRALS

1. fo"' 0 Hj‘dx = %/04.«)
2. [HQ+ txﬂt)‘a(x.—.- z/(1+ %)

3. I H(’Ddﬂ = (e |)/P
j’l‘(l +°(H)d1 = z/ga.,.q)

5. [a HO+o Wdx = %[z 1+

. 6. fe”‘(l-m 1) dx = @P:a7/ﬁ(l+“)

7 epr (+x H-)'ol'x = (_epf |)/ '5(:+ o)

p=
s.fe’?l-o- cxujixolx:a- Qx'—-?)e /PC""“) |

9. fe’ HO +0t'l'l3‘«. dx= Cﬂ-'ﬁ) eP /15(,4.“)
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AIRCRAFT RESPONSE O STORE JETTISON

APPENDIX -~ §

ux 3t

Ty

Tz

T, (e

N
8

1.2

.6
«8

1.2

6

N

-y 1‘
«03

.02

23
.06

- =.1548

=.2075

-1.1518 '

‘-1554
-06542

-01600

~e 1649

.000090

.002521
.000798
000177

.001338

.00140

1.4736
1.,1097
<7398

1.5625
1.1719

.T813

1.4796
1.4796

R i it it



REFERENCES

1« W.J.G. Pinsker : Theoretical consideration of posaible technigues
for the measurement of store drag in flight., RAE TR 68249, Oct. 1968.

de K£.2.%ing : Jlignt investigaticn of a tecmijue Zor the measurement
of the total and interference drag of extermal stores. AGARD-CP-71-71,
Asrodynamic Interference, Agard Ccnference Proc. No.71, Fluid Dynamics
‘ Panel Specialists Meeting, Silver Springs, Maryland, U.S.A., Sept.
28-30' 19700-

i . 3. Robert K.Heffley & Wayne F.Newell : Aircraft Handling qualities data -
E FASA CR-2144, Dec. 1972. |

bl & 2 .

. - i

153

Ao ey
N
i

T RERSTTT Wt IR T

o e S e e e e o 3




*—“"‘nd“ i

AUTOBIOGRAPHY
SRIDHAR M. RAMACHANDRA

B.E. (Electrical Engineering), University of Mysore, India, 1950.
D.1.1.Sc. (Aeronautical Engineering), Indian Institute of Science,
Bangalore, India, 1952. Ph.D. (Aeronautical & Astronautical Engineer-
ing), University of I11inois, Urbana, I11inois, 1962. After graduating
from the indian Institute of Science, Mr. Ramachandra was appointed as
a Lecturer in 1953 in the Department of Aeronautics. Apart from graduate
teaching and research, he was involved in the design of a 9 ft. x 14 ft.
open circuit wind tunnel and a 15 ft. diameter free spinning tunnel.
Besides he was connected with several hundred hours of wind tunnel testing
on aircraft models. In 1959 he went to the University of I1linois for his
Doctoral work which he completed in 1962 with a thesis on the structure of
shock waves in monatonic gases. He returned to the Indian Institute of
Science in 1962 and continued graduate teaching and research in rarefield
gas dynamics, conical flow theory. He was made an Assistant Professor in
1962. In 1965 he was invited to be the first head of the Department of
Aeronautics at the American aided Indian Institute of Technology, Kanpur,
where he continued undergraduate and graduate teaching and research in
rarefield gas dynamics, wing theory, V/STOL studies, air transportation
studies and flight laboratory work. In December 1971, he joined Hindustan
Aeronautics Limited as Chief of Aerodynamics & Flight Testing and was
elevated as Deputy Chief Designer in May 1974 and is Incharge of Technology
and Analysis at present. Research interests include transonic flows,
parameter identification, computer aided design, flight dynamics rarefield
gas flows and traffic equilibrium problems.

154

v ) . ° v 2 % 2
LW b PR e ::.-mﬁﬁn'u'i-.ﬂ.__z e y , "’"""\“.’?“?"‘f 5

gy v AR ¥ Ly
V¥ L o f,:

; v'A‘v‘:"’y “| N
3 AT A A Bt o Sasst A s

- 7___

S Y




¥ i el 20 0 73 o

A RAPID PREDICTIVE METHOD FOR THREE-DIMENSIONAL
TRANSONIC FLOW FIELDS ABOUT PARENT AIRCRAFT
WITH APPLICATION TO EXTERNAL STORES
(U)
(Article UNCLASSIFIED)

by

Stephen S. Stahara
Michael J. Hemsch
Stanley C. Perkins, Jr.
John R. Spreiter

Nielsen Engineering & Research, Inc.
510 Clyde Avenue, Mountain View, CA 94043

ABSTRACT. (U) The initial development of an engineering
predictive method for external store trajectory applications
at transonic speeds is described. The work represents the -
first phase in the systematic development of a capability for
determining six-degree~of-freedom store trajectories from
realistic fighter aircraft configurations at speeds through-
out the transonic regime. The emphasis of the initial work
has been the development and verification of a theoretical
method for the rapid computation of three-dimensional charac-
teristic of modern fighter-bombers. The first objective of
this paper is tc describe the method and its initial applica-
tion to a class of simplified wing-body configurations. The
second objective is to present highlights of experimental
results from a parallel wind tunnel test program designed to
test the theory and isolate important features through
detailed systematic measurements of flow fields, surface
pressures, and forces and moments. A description of the
extension of the method to include multiple store and pylon
combinations, which is currently underway, is also provided.

*Approved for public release; distribution-unlimited."
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INTRODUCTION

The purpose of this paper is to present a progress report
on a combined theoretical/experimental investigation directed
zoward developing a rational pradictive method for determining
external store trajectories at transonic speeds. The study,
jointly sponsored by the Air Force Office of Scientific
i Research, the Air Force Armament Laboratory, and the Air Force

Flight Dynamics Laboratory, is directed principally toward
fighter/bomber aircraft operating at transonic conditions.
' The primary objective of this first phase of the investigation
| is the development of an accurate and rapid predictive method

for the computation of the three-dimensional transonic flow

field due to the parent aircraft. During a subsequent phase
b of the study, which is currently underway, the extension of
that method to include pylon-mounted single stores located
under the fuselage and/or under the wings is being carried out.

Ll dosit e )

In view of the successful external store trajectory
i methods recently developed for purely subsonic (ref. 1) and
: purely supersonic (ref. 2) flow, noting in particular the 1
' favorable applications of the subsonic method (refs. 3-5), ‘
| there is no doubt of the utility of such predictive techniques
for establishing weapon system design criteria. These methods
1 are capable not only of enhancing the performance and safety
of weapons delivery, but they also provide a means for reducing
the time required for both wind-tunnel and full-scale flight
tests relating to store certification programs.

For applications at transonic speeds, the development
of such techniques becomes significantly more complicated,
and a more intensive development of the basic theoretical
solution method is required due to the essential nonlinear
3 character of the flow. The linear methods previously devel-
oped for the subsonic and supersonic problems (refs. 1,2) do
3 not apply and finite difference solutions are necessary.
- However, for the complex geometries typical of realistic
H external store/fighter-bomber configurations, together with
' the large number of separate casés usually required for a
trajectory analysis, the exclusive use of three~dimensional
3 finite~-difference methods is not practical. These facts
Q‘ identify the primary constraints on any transonic external
5 store predictive method, i.e., it must be capable of predict-
‘ ing at an engineering level the essential nonlinear features
of transonic flow, while remaining computationally economical
! so as not to severely limit its use as a design tool. Addi-
‘ tionally, the method must possess the capability of treating
the complex geometries characteristic of the multiple pylon/
store combinations employed with modern fighter/bombers. The
& only method currently capable of accomplishing this, on a
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A rational basis, is the transonic equivalence rule technique,
$ and that method is discussed in the following section.

1 ' The overall plan of the present investigation is to ]
develop the predictive capability in a framework similar to '
that used in the successful subsonic and supersonic rrocrams
(refs. 1,2). This involves the development of the theory in
; a systematic, step-by-sten fashion, aided by specifically-
] designed, parallel wind-tunnel tests to check and verify the
' predictive method at significant points. The tasks accom-
plished during the completed initial phase are discussed in
detail below and include the preliminary development of the
theoretical model, the design and construction of the wing-
body models, separate wind-tunnel tests in the AEDC 4t and 16T
3 tunnels, verification of the quality of the data and choice
- of test parameters, and the initial comparisons of the data
3 and theory.

THEORETICAL PREDICTIVE METHOD

:i TRANSONIC EQUIVALENCE RULE ‘ i

Although the theoretical essentials of the transonic
: equivalence rule have been known for some time (refs. 6,7),
! it has been only recently that a fundamental mathematical
study and extension of the technique (refs. 8-10) removed
some of the previous limitations and resulted in a method
capable of general three~dimensional transonic flow field
prediction. The major contribution of the work in references
8-10 is the discovery that the transonic flow about lifting, 1
three-dimensional configurations possesses, under reasonably
mild restrictions satisfied by most modern transonic fighter
or transport aircraft, a particularly simple structure and
symmetry. The flow field has two distinct regions: an
inner, linear region similar to that in slender-body theory:
and an outer, nonlinear region governed by a transonic, small-
disturbance equation. The behavior of the flow in the outer,
. nonlinear region is "equivalent to" that produced by a line
5} distribution along the body axis of a combination of sources

related to the total cross-sectional area, axial lift distri-
¥ bution, and spanwise wing loading, and doublets related to
;i the axial 1lift distribution.

‘ The theoretical essentials of the equivalence rule are
| summarized schematically in figure 1, which exhibits the
breakdown of the total solution into the various component
problems. The total solution is shown as decomposed into
three categories: the inner solution ¢,, indicated by the
translating and expanding cross sections in the y,z plane;
the outer or far field behavior of the inner solution,
indicated by the translating and expanding circles; and the
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outer solution ¢y, indicated by the axisymmetric flow over an
"equivalent" body whose singularity (source, doublet, etc.)
distributions match those determined by the outer behavior of
the inner solution.

The inner solution accounts for the geometrically com-
nlicated details of the airecraf+ and satisfies the surface
flow tangency condition in the crossflow (y,z) plane at each
x-station. The governing equation, as indicated in figure 1,
is linear so that superposition is possible. Consequently,
the thickness ¢, + and 1lift ¢, , effects can be treated
separately. ! !

The structure of the equivalence rule is governed princi-
pally by a parameter o, (refs. 8,9) involving a combination
of the configuration thickness ratio, lift-force parameter,
and leading-edge sweep, and represents essentially the ratio
of lift/thickness effects. Depending on the magnitude of o,
the nonlinear, outer problem classifies into three distinct
domains:

l) g, << 1, thickness dominated;
2) o, = 0(l) # 0, intermediate; and
3) o,> 1, lift dominated.

In the thickness-dominated domain, the basic, nonlinear
outer flow is axisymmetric; that is, determined principally
by a line source distribution,and the lift and other asymmetric
effects can be determined by a linearized analysis. In the
lift-dominated domain, the nonlinear outer flow is no longer
axisymmetric, but rather has a structure determined by both a
line source and line doublet distribution. Consequently, its
solution must simultaneously satisfy the source and doublet
inner boundary condition. The intermediate domain possesses
essentially the same structure as the lift-dominated case and
must be solved using the same techniques.

In order to investigate both the typical cruise flight
conditions and ranges of the transonic similarity parameters
for transonic store separation from current fighter-bombers,
calculations of these quantities were made for a number of
aircraft at transonic cruise conditions. The results of the
calculations for the F-4B, F-15, and YF-16 are of interest
and have been included in figure 2. Most noteworthy is the
fact that the transonic similarity parameter o, is small,
indicating that the most important calculations for this
study lie in the thickness-dominated (o, << l) rather than
lift-dominated (1/6, << 1) regime. This is quite significant,
since in this regime, it is sufficient to consider the first-
order thickness and lift solutions in the inner flow.
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Moreover, the lift (and other asymmetric properties) can be
treated linearly in the outer flow.

SOLUTION PROCEDURES DEVELOPED

Because of the different character of the inner and outer
regions, separate solution procedures are required for each.
As indicated in figure 2, Zor «he inner region Larlace =cuaticn
solutions are needed for the thickness problem $2,¢ and the
lift problem ¢, a- For the simplified wing-body conflgura-
tions considered in this study, the method of distributed
singularities developed by Stocker (ref. 1ll) is directly
applicable and convenient for determining the thickness prob-
lem. As shown in the sketch in the lower left of figure 3,
it models wing thickness by placing a continuous distribution
of two-dimensional sources along the wing chordal plane togeth-
er with their appropriate images within the body. For the
1 lift problem, the analytic conformal mapping solution deter-
mined by Spreiter (ref. 12) for a circular body with mid-
mounted zero-thickness wings is employed.

Determination of the outer problem requires solution of
j the three-dimensional nonlinear transonic differential equa-
: tion shown in figure 4. For the thickness~dominated regime
characteristic of the flows considered in this study, the
; outer solution can be expanded in terms of the two dependent
quantities (¢,,¥,) as shown in figure 4. Here ¢, represents
the primary axisymmetric flow component and ¥,; the correction
due to lift. The governing partial differential equation for
¢, is the usual nonlinear axisymmetric transonic small-dis-
turbance equation, while that for ¢, is linear but with non-
constant coefficients dependent on ¢,. The solution procedure
employed for both of these components is a finite-difference
successive line over-relaxation (SLOR) procedure using Murman-
Cole type-~dependent difference operators. To verify the
nonlinear solution procedures, a number of cases were run for
f variety of equivalent body profiles. One of the most severe
/tests of the outer flow solution procedures, and which
relates directly to the bumpy equivalent bodies expected from
the present study, is illustrated in figure S and displays
the typically good results’'obtained. The case shown is for
/ the axisymmetric flow at M, = 0.975 past a bumpy body com-
posed of a basic parabolic-arc profile with thickness ratio
D/% = 1/14 together with a sinusoidal bump centered about the
midpoint with AR/D = 1/5. Comparisons with the data of
reference 13 display excellent agreement.
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Figure 1ll.- Comparison of body surface pressure coefficients
from 4T and 16T tests for scaled F-16 wing/body combination.
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EXPERIMENTAL PROGRAM

MODEL DESIGN

The design of the test model was constrained by the dual
Sbjectives Of (i) cesting 3 simpiified Sut geometricalily-
related configuration characteristic of modern fighter-bombers,
and (2) obtaining as wide a range as possible of the transonic
similarity parameters. The model size was established by the
conflicting requirements of minimizing wind-tunnel interfer- .
ence and maximizing pressure probe accuracy measurements. To
provide a critical check of the equivalence rule theory, two
different sets of wings having identical planforms are needed.
This provides two different equivalent bodies to .test the
outer expansion procedure as well as two values of the lift/
thickness (o,) parameter for each angle of attack.

The model chosen is illustrated in figure 6 and is an
idealized 22.5:1 scale model of the F-16. The body is circu-
lar with a three-caliber parabolic-arc nose profile followed
by a straight cylinder. The two sets of identical planform
wings are mid-mounted, cropped delta wings having thickness
only (zero camber and twist) profiles whose ordinates are
based on (1) a scaled F~16 wing (4% thick), and (2) a NACA
65A006 airfoil. Thickness-only profile wings are necessary
since the zero lift situation (o, = 0) provides a critical
check of the theory. Because of the significant dependence of

. the theory on lift, a force balance is included in the model.

Twenty-five surface pressure taps are provided on the body
surface primarily to check wind-tunnel interference.

TEST PROGRAM DESCRIPTION

Two separate tunnel tests were performed and are reported
in detail in reference l14. The initial entry was in the
AEDC 4T transonic tunnel where the primary data were obtained.
A subsequent entry in the AEDC 16T transonic tunnel was made
to obtain a limited amount of repeat data for assessing both
wind-tunnel interference as well as tunnel flow quality
effects. To obtain all of the important flow conditions of
interest in transonic flight - from subcritical to slightly
supercritical, to strongly supercritical, to mildly super-
sonic - testing was done in the 4T tunnel at three Mach
numbers (M, = 0.925, 0.975, 1.025) and three angles of attack
{(a = 0°, 2°, 5°). The principal flow field data were taken
using the Captive Trajectory System (CTS) at typical store
locations on the pressure side of the wing. Secondary
data were taken on the suction side of the wing in order to
obtain additional diagnostic information for evaluating the
analytical model. Figure 7 displays the flow field survey
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Figure 14.- Comparisons of theoretical and experimental results
for the local upwash angle for flow past the scaled F-16

wing/body combination at M_ = 0.925 and a = 0°.

178

e i m————— - L e et - r—

I e s

53 L y




4 " . -5 --v“'. “:m,}:

v

—— e

locations for the inner flow field. Symmetric side-to-side
surveys were made to assess flow quality and repeatability.
OQuter flow field surveys were also taken on a cylindrical 1
surface as far from the model centerline as the CTS would 1
allow (R = 14.14 inches) to provide measured outer boundary

conditions as input to the theoretical model to evaluate

wind-tunnel wall intertference.

TEST RESULTS

A thorough survey of the 4T experimental results has
verified that the test parameters were exceptionally well
selected in view of providing as wide a range of transonic
phenomena as possible. The data display flow conditions
from subcritical to slightly supercritical, to strongly
supercritical, to mildly supersonic, as were desired. For
the two subsonic free stream Mach numbers, figure 8 illus-
trates this fact and displays the growth of the supersonic
pockets on the pressure and suction sides of the wing. The
results are for an (x,2) plane located at the spanwise
location y = 2 inches (25% semispan) and are for the model
with the scaled F-16 wing. The figure on the top indicates
the extent of the supersonic zone at M, = 0.925 for the three
angles of attack, while corresponding results for M_ = 0.975
are shown in the bottom plot. The symbol My denotes the
local Mach number. Since the vertical llmlts of the inner
flow surveys was 1 < |z| < 5 inches, the maximum lateral
locations of the larger supersonic pockets on the suction
side were beyond the last inner survey location at z = 5
inches. However, only for the M, = 0.975, a = 5° case did
the pocket extend out to the outer flow survey location at
2 = 14 inches. These results indicate the extreme sensitiv-
ity of the flow at supercritical conditions. Analogous
results for M, = 1.025 are shown in figure 9 which displays
the variation and growth of the embedded subsonic pocket.

Of particular note in both figures 8 and 9 is that, at modest
angles of attack, flow conditions on the pressure side of

the wing remain primarily subsonic for a wide range of con-
ditions.

An indication of the quality of the data obtained in the
4T tunnel is indicated in figure 10 which displays side-to-
side symmetry comparisons for flow surveys of pressure, side-
wash, and upwash at M, = 0.925 and a = 0° at a vertical loca-
tion just under the w1ng ({z = 1 inch) and at the twc spanwise
locations z = ¢+ 4, t 7 inches which are 50% and 88%, respec-
tively, of the semispan. In these surveys, the x location
of the local leading and trailing edges of the wing are
denoted by LE and TE. The comparisons indicate extremely
good flow field symmetry and are typical of the 4T data.

The slight discrepancy of one-quarter of a degree observed
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 & in the upwash at the extreme spanwise location z = t 7 inches
B can actually be traced to tunnel flow quality, but is already
E at the limits of the accuracy attainable (ref. 14) for these
‘ tests.

2 In 2rder to achieve the wrange of flow conditions desired
for the aerodynamically clean model configurations tested,
the necessity of selecting two of the test Mach numbers so
close to one (M, = 0.975, 1.025) was unavoidable. Conse-
| quently, the question of whether significant wall interference
effects were present in the data is quite pertinent. 1In
addition, since subsequent tunnel entries are planned,
| establishment of the band of free-stream Mach numbers about
M_ = 1 outside of which tunnel effects are small is essential.

R 1 el SRR Sy s

An indication of the presence of wind-tunnel effects in
- the 4T data is provided by figure 1l which displays the com-
, parison of body surface pressures obtained on the scaled F-16

; wing/body combination from tests in the AEDC 4T and 16T

o tunnels. Indicated in the upper plot are the nonlifting

‘ results for M_ = 0.925, o = 0°, while corresponding lifting,

i pressure side results for M, = 0.975, a = 5° and M, = 1.025,

o a = 5° are displayed in the two lower plots. The results

L shown for the nonlifting M_ = 0.925 flow exhibit essentially

- no interference effects and are typical at this Mach number
for lifting conditions as well. Those shown in the middle
plot for the pressure side for M_ = 0.975, o = 5° indicate
some slight discrepancies, while similar pressure side results
for M, = 1.025, a = 5° indicate somewhat larger discrepancies.
As a direct indication of tunnel interference effects, however,
these discrepancies are clouded by two additional factors
present in the 16T data. These are (1) the model/sting support
strut from the tunnel floor, and (2) flow quality effects.
The 16T model support strut is known to be capable of causing
a Mach number decrement of up to M, = 0.0l in the test section
(ref. 14). Compensation for that decrement has been attempted
in the comparisons for the M, = 1.025 results shown in the
bottom figure. Here the 4T tunnel results for M_ = 1.025,
shown as the circular symbol (©® ), have been extended to
M, = 1.015 (---) to compare with the 16T data by interpolating
between the 4T results for M, = 0.975 and 1.025. Some improve-

. ment is indicated but the discrepancies are not eliminated.

Our conclusions from the comparative tunnel tests are
that (1) essentially no interference exists at M = 0.925,
(2) at M_, = 0.975 and 1.025 minor interference exists on the
pressure side of the wing/body, (3) the outer flow field
measurements obtained afford a means of accounting for tunnel
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effects in the theoretical model, and (4) the 4T data is
adequate for testing the theoretical model.

COMPARISONS OF DATA WITH PRESENT THEORY

Some comparisons of flow field properties at locations i
typical of external store placement have been obtained with
The present thecry ind 4T data Zor the scaled («% =zhick: 7-15
wing/body and are exhibited in figures 12 through 19. Figure
12 displays results at M_ = 0.925 and a = 0° for the local
upwash angle in degrees at the same vertical location in the
crossflow plane but two different spanwise stations. Corre-
sponding results for the local sidewash angle are presented
in figure 13. Figures 14 and 15 display analogous results at
a fixed spanwise location and for three vertical locations in
the crossflow plane. With the exception of some discrepancies
near the trailing edge, which are associated with discontinu-
ities in the axial area distribution derivatives not yet .
accounted for in the theory, the agreement is quite good. 4
These results provide an important nonlifting check case
(0, = 0) essential to verifying the theoretical method.

Similar results for a lifting flow are provided in
figures 16 and 17 for M_ = 0.925 and a = 5°. Aside from the
discrepancies near the trailing edge, agreement is again
satisfactory. The final comparisons shown in figures 18 and
19 are for a strongly supercritical flow. Figure 18 displays
results for the local upwash and sidewash angles for a survey
close to the wing at the 50% semispan location for the non-
lifting flow at M, = 0.975, while figure 19 shows the analogous
lifting result at ¢ = 5°., Once again, the comparisons are
quite favorable. '

CURRENT EXTENSIONS OF PREDICTIVE METHOD

With the successful preliminary development and verifi-
cation of the predictive technique accomplished, the secondary
development directed toward achievement of a practical engi-
neering predictive tool is currently underway. The tasks
involve improvements in the current theoretical model as well
as extensions of the basic capability of the method and sub-
divide into three categories. The first consists of refine-
ment of the wing/body alone predictive model observed as
necessary from comparisons with data. This includes treatment,
not yet accounted for in the theory, of the discontinuities
in the axial area distribution derivatives that occur at
breaks in the wing leading edge and at the trailing edge,
and also development of the capability for imposing a measured
outer flow boundary condition. The second major task consists
of carrying out a systematic experimental program involving
the model wing-body previously used together with multiple
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wing/body combination at M, = 0,925 and a = 0°.
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pylon/store combinations. This will provide the necessary
comparison data for the third task which is the extension of
the theoretical model to include multiple pylons and stores.

The wing-body/pylon/stores model combination envisioned
is illustrated in figure 20, and consists of two wing-mounted
single store, swept pylon combinations p.us a fuseiage-mounted
single store/straight pylon combination. We note that the
scaled size of the stores approximately represent a 350 gallon
external fuel tank and will provide a severe test of the
theoretical model. A systematic model buildup is planned in
order to isolate important individual effects contributing to
the complex flow phenomena present under the wing. The
measurements will consist of (1) the flow field under the
model aircraft in and near the region normally occupied by
the store, and (2) store surface pressures and loadings at
various locations in the flow field. These measurements
provide a test of the theory's ability to predict both the
flow field seen by the store, as well as to compute the load-
ing experienced by the store.

Finally, the extension of the theoretical model to in-
clude multiple pylon/store combinations will involve work on
both the inner and outer region solution techniques. For the
inner region, a generalized finite-element solver is necessary

- to treat the more complicated multi-body geometry. For the

outer region, a modification of the outer flow solution pro-

cedure is needed to include a simplified two-line equivalent

body scheme to account properly for the store separating from
the parent aircraft.

CONCLUDING REMARKS

The initial development of a theoretical predictive
method for external store trajectory applications to config-
urations characteristic of modern fighter-bombers at transonic
speeds has been carried out. The emphasis of the initial work
has been the development and verification of the theoretical
method for computing the three-dimensional transonic flow
field due to the parent aircraft alone. A parallel wind-
tunnel test program specifically designed to test the theory
and isolate important features through detailed systematic
measurements of flow fields, surface pressures, and forces
and moments was carried out for a simplified wing-body com-
bination modeled on the F~16. The extensive data obtained
provide an adequate base for testing both the present
analytical model as well as other theoretical methods.

The initial comparisons between experimental and the
present predictive method indicate generally good agreement.
Several modest improvements needed in the theoretical model
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have been identified and are currently being carried out.
Extension of the method to include multiple pylon-single
store combinations is the next major task and will be pursued
in the next phase. A parallel wind-tunnel program to provide
the needed verification of the theory is also planned.
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ANALYTICAL EVALUATION OF THE LIMITATIONS OF
~THE VARIQUS SCALING LAWS FOR FREEDROP
- STORE SEPARATION TESTING
~ (0)
(Article UNCLASSIFIED)

by

JOHN C. MARSHALL
ARO, Inc.
_ AEDC Division
A Sverdrup Corporation Company
Arnold Air Force Station, Tennessee

ABSTRACT. (U) Several techniques have been estab-
lished for defining the dynamic simulation requirements
of wind tunnel models used in freedrop store separation
tests. A three-degree-of-freedom set of motion equations
and .a linearized model of the store aerodynamic character-
istics are used to define the model simulation parameters
for Froude Scaling, Heavy Mach Scaling, and Light Mach
Scaling. Trajectory calculations for both a stable store
and an unstable store are presented using each of the three

'scaling techniques, and comments are made regarding the

merits and practical limitations of each.

"Approvgd for public release; distribution unlimited."
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NOMENCLATURE

Store axial-force coefficient, (axial force/q_S)

Store pitching-moment coefficient, (pitching
moment/cg_3S4)

Store pitch damping derivative, l/rad

Derivative of Eitchin -moment coefficient with
angle of attack, l/ra

Incremental pitching-moment coefficient on the
store resulting from flow field streamline
curvature

Store normal-force coefficient, (normal force/g_S)

Derivative of normal-force coefficient with
angle of attack, l/rad

Store reference dimension, ft

Ejector force acting on the store perpendicular
to the body longitudinal axis, positive downward,
1bf :

Model ejector force augmentation to compensate
for gravity deficiency, 1lbf

Total force acting on the store parallel to the
body longitudinal axis, positive forward, 1lbf

Total force acting on the store perpendicular
to the body longitudinal axis, positive down-
ward, lbf

Acceleration due to gravity, ft/sec2

Model gravitational deficiency, ft/sec2

Store mgment of inertia in the pitch plane,
slug.ft

Store mass, slugs

Total moment acting about the store center of
gravity in the pitch plane, f£t.lbf
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2

q, Airstream dynamic pressure, %‘-pwv°° , psf

0

Store reference area, ft2

(14

Trajectory time from instant of store release
from *he aircraft, sec

Time of action of the model ejector, sec

Airstream static temperature, °R

3
8<: 8 mﬂ'

Store velocity relative to the free stream,
ft/sec A ‘ .

Store weight, lbm

‘ Store center of gravity coordinate from the
; carriage position on the aircraft, measured
‘ parallel to the earth horizontal, positive
in the forward direction, ft

i XEJ Distance from the store center of gravity to
’ the line of action of the ejector force,

» positive if the ejector acts forward of the
; center of gravity, ft

z Store center of gravity coordinate from the
carriage position on the aircraft, measured
perpendicular to the earth horizontal, positive
in the downward direction, ft

AZ’ Calculated adjustment to the observed store-model
vertical displacement to correct for gravity

deficiency and ejector-force augmentation effects,
ft '

a Store aerodynamic angle of attack, deg

Aa Incremental angle of attack on the store resulting
from net flow-field streamline inclination, deg :
(Figs. 3 and 5) or radian (Equations 7-13) H

8 Store geometric pitch attitudcs with respect to
the earth horizontal, positive if the store nose
is raised, radian or deg (Figs. 6 through 1ll)

3

P Airstream density, slugs/ft
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() Primed quantities refer to model-scale dimensions
or properties defined by the scaling laws or the
wind tunnel operating parameters

() A single dot denotes a first derivative of the
parameter with respect to time

() A double dot denotes a second derivative of
the parameter with respect to time
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I. INTRODUCTION

Wind tunnel testing is generally carried out using

. reduced-size, but geometrically scaled, models of the ve-

,l hicle being studied. Thus, the experiments are simulations
rather than duplications of the actual flight environment.
3y definizion, a simuiation is nct a :zrue represenctacion,
but gives an "appearance of reality" while being, in fact, a
counterfeit. The value of scale-model testing lies in the

_ assumption that certain non-dimensional factors can be

- defined and measured which relate data obtained on the small

3 models to performance of the full sized vehicle. Appli-
cation of this philosophy has been the substance of experi-
mental development of aircraft and related aerodynamic
systems for many years.

Dimensional analysis has shown that the static, or
steady state, aerodynamic forces on a body can be reasonably
simulated on a scale model if the model is geometrically
reproduced and if the airstream compressibility and viscous
characteristics (Mach number and Reynolds number) are repro-

i duced. In the case of dynamic, or non-steady state flight,

- it is necessary to simulate not only the applied forces but

‘ also the inertial response of the body to these forces.

( Such is the situation in the case of freedrop, or dynamic
drop, store separation testing.

The techniques for defining the required parameters for

dynamic similitude are not new, and have appeared in the

literature (e.g., Refs. 1 and 2) on many occasions. The

intent of this paper is primarily to demonstrate the effects

of the compromises one must always make in applying the

scaling laws to practical wind tunnel situations. This

demonstration will be carried out through sample calcu-
. lations of store motion through typical assumed aircraft }
3 ' flow fields. Simplified (three degree of freedom) equations :
‘3 of motion will be presented to identify the pertinent scal-

ing parameters and show how these generate the required ,
- model characteristics. Similarly, three-degree-of-freedom ]
. calculations of store trajectories will be presented to show
o the resultant motion of the models, and how this motion
relates to that of the full-scale store.

i‘ : II. EQUATIONS OF MOTION

The significant factors in defining the motion of a
store model during a freedrop separation trajectory can be
readily seen by considering motion in a single vertical
” plane. The coordinate axes and notation to be used are

shown in Fig. 1. It is convenient to define the forces
acting on the body in the body-axis system, and then utilize
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Figure 1 Coordinate Notation




an earth-oriented coordinate system to define the motion so
that gravity only affects one of the position coordinates.
Summing forces and moments give the relations

Y SRR -5 A -

: l Fy = =C,q,5 - W sin 0 (1)
F, = =Cy3,5 + W :?s 9 + T r2}
M o= [, +c, Goo]asa-r (3)

m mq Ve 9 EJXEJ

The motion equations are obtained by taking force and moment
- components parallel to the earth coordinate axes, dividing

by the proper inertial gquantity, and setting the result
equal to the acceleration. Thus,

& - q s F
‘ X = --[CA cos 8 + CN sin 9](%) + (-%) sin 8 (4)
o . : q.S F
é Z = -[CN cos 8 -C, sin 3]( —) + ( gJ) cos 8 + g (5)
& . s . q.sd F
g o= [cpte, D] = - (E?) (6)
i q ®

L Generally speaking, the quantities enclosed in square
3 brackets represent the vehicle aerodynamics, while those
i quantities in parentheses contain the geometric and inertial
properties of the store. Because the store is moving
through a flow field perturbed by the proximity of the air-
craft, the aerodynamic properties become a function of
position within the flow field, and the aerodynamics are
thereby coupled to the inertial response of the store as it
moves away from the aircraft. The nature of this inter-
. : raction can be seen by making a few simplifying assumptions
3 about the aerodynamics of the store in this flow field. The
; conclusions reached should be valid for more complex flow
models as long as' the aerodynamics of the store can be
] considered to be ordered functions of the position and
i attitude within the flow field. Specifically, it will be
A assumed that the angular motion is small enough that the
;‘ aerodynamic normal-force and pitching-moment coefficients
b | vary linearly with angle of attack, and the axial-force
;! coefficient and pitch-damping derivative are constant.
" Further, it will be assumed that the flow field spatial
- variations in streamline inclination and curvature can be
p | represented by incremental values of angle of attack and
pitching-moment coefficient, respectively. These assump-
tions produce the following aerodynamic characteristics;
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Cy = CN (g + v g *la) ' (7)

CA = constant (8)

Cm = Cm~(9 + v: + Aa) + Acm (9)

Cm = constant (10)
q

- Substituting these relationships into Equations 4, 5, and 6

results in a set of linear, coupled differential equations
which describe the store motion in such a manner as to make
the source and meaning of the dynamic simulation parameters
more readily apparent.

% 3 . a8
(§ = -[cy cos 0 + Cy (0 + g7 * ba) sin o] (z=)

F
+ (EE_) sin 6 (11)
. o qg S
(_) = 1 -[cN (6 + o + Ba) cos g - C, sin 6](—;3—)
P .
+ (ng }) cos 8 (12)

= [cma( + 5+ ba) ¥ a, (ZV

(FEJXEJ )
=1

In these equations, the aerodynamic parameters CA, cn ’
a

(13)

Cm , and C are all constants and represent the aerodynamic

characterlsglcs of the store in an undisturbed free-stream
airflow.

By inspection, it can be noted that there are no pa-
rameters in Equation 11 that are not also in Equation 12. We
may thus effectively reduce the problem to two dimensions, 2
and 6, and conduct the similitude analysis by examining only
Equations 12 and 13.

III. DYNAMIC SIMULATION RELATIONSHIPS
A. FROUDE SCALING

The relationships among geometric shape, mass prop-
erties, and airstream characteristics to reproduce store
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_i " will be reproduced if all model dimensions (store and air-

.| that all parameters in the equations of motion for the

¥ of relationships can be developed which define the necessary
| model~scale store and airstream properties. These relation-

i 2 a5
. o —— ’

E | 12 and 13 by examining the quantities in parentheses for i
¥ both full-scale flight and the model-scale simulation. It ;

& compressibilityv characteristics are reproduced or closely

E model pitch attitude (§') is equal to the store pitch at-

motion with small scale models can be deduced from Equations : i

is assumed that the basic store aerodynamic characteristics
craft) are linearly scaled, and the airstream viscous and ]

. simulated. This is basic in the use Orf the wind tunnei t©o 1
g predict flight characteristics. If it is further assumed

model-scale store have a linear relationship with the
corresponding parameters for the full-scale store, a group

ships can be simplified even more by requiring geometric
similarity; i.e., the linear factor relating model position
coordinates (X',Z2') to the full-scale store position coordi-
nates {(X,2Z) is the same as the model scale factor, and the

titude (8) at corresponding points along the trajectory
path. With these conditions, the resulting relationships

‘ ‘ are

p | 2' = 2 (A) | (14a)

._5 o' =8 ' (14b)

3 m=m o) (F) (WD) (a/g") (14c)
I’ - I (g) w3 h (grgn (144)
Fes' = Fpr (@ (V2 0D (14e)
Xpy' = Xz (A) (14£)

| v, ' = V¢¢4;7_7377§7 (14q)

% t' =t (N/W) ' (14h)

:j where ) = model scale factor

1' o= (ps'/p,)

v = (V' /V)

The relationships given above provide all the infor-
mation necessary to establish a model-scale experiment to
generate trajectories in a wind tunnel which should re-
produce the motion of a store released from an aircraft in
flight. This form of experimental scaling is often referred
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to as Froude Scaling because the velocity scaling given by
Equation 14g is equivalent to the hydrodynamic Froude Number
which relates buoyancy forces to inertial forces. Although
. the gravitational constant is not generally considered a

‘ variable, it has been included as such in these relation-

' ships to demonstrate the influence of gravity on the simu-
laticn. 3v rzarrangement 3nd substistution of the —rarious
parameters, the mass and moment of inertia can be written
also as ‘

! m' =m (o) (k3) (15a)

e
P C ACRR

I'=1I (9) (\9) (15b)

which state that the ratio of model density to store average
density is the same as the ratio of wind tunnel airstream

' density to flight altitude density, and the mass distri-
bution in the model is the same as in the store.

B. MACH SCALING

The relationships developed above are suitable for many
situations involving subsonic flight conditions. However,
it requires that the model-scale experiment be conducted at
velocities much lower than the equivalent flight velocity
unless significant increases in the gravitational constant
can be effected. Reduced velocity means generally a change
in the basic store aerodynamics and in the aircraft flow
field characteristics due to Mach number dependency. These
effects begin to appear above Mach number 0.6, where local
sonic flow is first experiznced around protuberances on the
store, and are obviously a major factor for supersonic

‘ flight where the shock waves generated by the aircraft will
j markedly alter the flow field characteristics. To deal with
this situation, compromise methods of simulation have been
developed which retain the flight Mach number matching at
the expense of some other parameter.

ing-
O 5 -

: Perhaps the most widely used technique for Mach Scaling
t% is that generally called Heavy Scaling. In this technique,
; the quantities removed from simulation are the factors

(E—) and (de ) in Equations 12 and 13. 1In their stead, the
\'/ 2V

wind tunnel Mach number is set equal to the flight Mach
number, which results in essentially (though not quite)
equal velocities. The resulting scaling relationships for
) Reavy Mach Scaling are then;

e N34 {4
e a—————

|
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_ z' = 2Z () (16a) {

'f 8t =8 (16b) «
| m =m (@ v 0% (g/g")  (16c)
- I =140 ovoah (g/g (16d)
ii Fpp' = Fgy() (v2) (A% (16e)
; xEJ' = XEJ (A) (16£)
| V,' =V Q/TQ'/TN : (16g)
e =t/ (g/g") | (16h)

These appear the same as for Froude Scaling, except for the

last two. The difference comes when accounting for the 3
increased velocity. Thus, for the case of constant gravity

{g' = g) the mass and moment of inertia relationships are

! n' =m (d,'/9,) (xz) . (17a)
% I' = I (q.'/q) (Y (17b)
 ’ where (q_.'/4q,) = (o) (vz) : |

k ! Unless the wind tunnel dynamic pressure can be reduced

: significantly below the flight value, these relationships
state that the model density will be much higher than for
the store, although the mass distribution remains the same.

The effect of relaxing the velocity ratio simulations
is seen primarily in the angular motions. The pitch damping
term in the angular acceleration equation is reduced by a
factor equal to the square root of the scale factor (A) so
< that the amplitude of the pitch oscillations is too large.
‘A This will have a secondary effect on the linear motions
because of the dependence of the aerodynamic coefficients on
angle of attack.

When the angular motion response is of primary concern,
‘another form of Mach Scaling can be used. This form is
referred to as Light Scaling because the mass density in-
crease indicated above is alleviated. Light Scaling is
achieved by assuming that the gravitational constant may be
arbitrarily increased in the model-scale experiment. Re-

. . ’ o
e - B

-— . o

taining the velocity ratio simulation terms as in Froude
‘ Scaling, and setting the desired gravitational constant to
| g' =g (Vs (18)
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" the ejector stroke. The point of action of the ejector must

the scaling relationships for Light Mach Scaling are then

z' =2 0) (19a)
At =a gl 4 "2

3 (19d)

I = I (g) (A
F__' = F__ (o) (v2) (A%) (19e)
EJ EJ

Xgy' = Xgz () (19£)
v,' = v, /AT, '/T,) (199)

t (A)/ (V) (19h)

t'

The mass and moment of inertia ratios are seen to be the
same as for Froude Scaling, while the ejector force is
increased to account for the increased accelerations re-
sulting from the decrease in the model time scale.

Since, in reality, the model will experience gravi-
tational forces based on the constant "g" instead of "g',"
the vertical acceleration will be in error by an amount

Ag' = g' - g = g[(vz/l) - 1] (20)

and the vertical displacement will be too small because of
this discrepancy. Corrections can be made to the observed
trajectories to compensate for this effect, but some errors
will remain dque to the spatial variations of the aircraft
flow field. Difficulties can also be encountered if the
motion is such as to cause collision between the store model
and the aircraft model. Further compensation can be made by
increases in the ejector force to keep the model near the
correct path, but this is achieved only at the expense of
the desired velocity ratio simulation. An increase in the ‘i
ejector force by an amount .

AF' = m'(Ag') (21)
is recommended to produce the correct motion at the end of

also be shifted to maintain the correct moment. The ad-
justed ejector location is
Fes'
Xpy' = XEJ(A) (g;;vzjrgr) (22)
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The effects of augmenting the ejector force to compensate
for gravity deficiency will be shown in subsequent sections
of this paper.

IV. AERODYNAMIC MODELS FOR ANALYSIS

To 2valure tae characteristics znd mericts 5% the var-
ious scaling techniques, it is necessary to define aero-
dynamic models of both the store and the aircraft flow field
through which it traverses. These models should have char-
acteristics which exercise the various assumptions made in
establishing the scaling laws. To this end, the aerodynamic
models selected have the following features: (1) the store
free-~stream aerodynamics are Mach number dependent, (2) the
aircraft flow field is an exponentially decaying function of
both the vertical and axial position coordinates of the
store with respect to the aircraft, (3) the aircraft flow
field is also Mach number dependent, and (4) the aerodynamic
characteristics of both the store and the aircraft flow
field were selected to be representative of actual measured
values. Two sets of data were selected for consideration
herein; a large, stable store carried singly on a wing
pylon, and a smaller unstable store carried in a multiple-
carriage configuration on a rack. In both cases, the aero-
dynamic characteristics at transonic speeds were based on
available experimental data, while the low Mach number
characteristics were assumed values so as to demonstrate the
need for Mach Scaling as an alternative to the Froude Scaling
methods.

A. STABLE STORE

This store is assumed to be a large, slender, finned
bomb in the 2000 1lb class that is carried and released from
individual pylon stations on various aircraft. The free-
stream aerodynamics show a significantly stable static
margin so that the angular motion is restricted generally to
low amplitude oscillation. The free-stream aerodynamic
coefficients assumed for this store are shown in Fig. 2.
Typical flow-~ field effects on a store of this type are
shown in Fig. 3. Data are shown for angles of attack only
up to 20 deg since the motion of this type of store is
generally limited to this range.

B. UNSTABLE STORE

This store is assumed to be a medium size, unstable
store in the 750 1lb class typical of those that may be
carried in multiple carriage configurations. At transonic
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speeds, these stores may be subjected to rather large nose-
down pitching moments in the carriage position. This char-
acteristic is shown in the aerodynamic data for this store

shown in Figs. 4 (free stream) and 5 (flow-field effects).

Aerodynamic data for this store are presented for angles of
attack up to 180 deg since it may be expected to experience
a tumbling motion upon release from the aircraft.

V. TRAJECTORY CALCULATIONS

To calculate the motion of the two selected stores, a
three-degree-of-freedom set of equations was programmed on a
digital computer based on the relations in Equations 4, 5,
and 6. In these equations, the aerodynamic coefficients
were calculated as the sum of the attitude (free stream)
contribution plus the position (flow-field effect) con-
tribution, according to the relations described in Figs. 2
and 3 or Figs. 4 and 5. The base data were calculated for
mass properties and flight conditions of the full-scale
store at the indicated Mach number and altitude. The char-
acteristic motion of wind tunnel models designed according
to the various scaling laws was calculated using the same
equations, but with model mass properties and wind tunnel
operating parameters used as input quantities. For these
calculations, a model scale factor of 0.05 was used. Wind
tunnel parameters were calculated using a total temperature
of 110°F and dynamic pressures of 50 psf for Froude Scaling,
200 psf for Heavy Mach Scaling, and 600 psf for Light Mach
Scaling. The equivalent. full-scale position coordinates and
time scale were then determined through the appropriate
scaling relationships. The comparisons are based on the
thus-determined full-scale motion.

A. STABLE STORE

Trajectory calculations for the large stable store are
presented in Figs. 6, 7, and 8. The full-scale flight
conditions were assumed to bhe Mach number 0.95 at an alti-
tude of 6000 feet. Each figure shows both the full-scale
trajectory calculation and the coordinates determined from
model-scale calculations using one of the three scaling
techniques. Froude Scaling data are shown in Fig. 6 for two
cases: (1) both store and aircraft flow field aerodynamics
are independent of Mach number, and (2) both store and
aircraft flow-field aerodynamics vary with Mach number as
shown in Figs. 2 and 3. The first case shows that the
inertial scaling relationships are correctly stated, since
the scaled-up trajectory motion reproduces that of the full-
scale store. The second case shows the limitation of the
Froude Scaling technique where transonic or supersonic
effects influence the aerodynamic scaling.
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The results of the Heavy Mach Scaling technique are
shown in Fig. 7. For this configuration, the primary
discrepancy between model-scale and full-scale calculations
is the underdamped pitch oscillation due to lack of correct
velocity scaling.

Calculations using che Light Maca 3caliag cegcnnigque are
shown in Fig. 8 for three cases: (1) ejector force scaled
from the full-scale values according to Equation 19e,

(2) the scaled ejector force augmented by the amount indi-
cated in Equation 21 to offset the gravity deficiency during
ejector action, and (3) the scaled ejector force augmented
by three times the amount in case (2) in order to provide
store clearance from the aircraft during the initial crit-
ical period following release. These data show better
simulation of the pitch motion than for either the Froude
Scaling with Mach number effects or the Heavy Mach Scaling,
but this is achieved only at the expense of the vertical
motion simulation.

Also shown in Fig. 8 is an adjusted vertical displace-
ment curve calculated with an empirical correction based on
the known variation from true simulation. The correction is
applied to the model-scale calculation, and is given by

- L} 1
for t' « te

pzt = 3 (ag") (£9)2 - 2 (en)? (23)
for t'> te'
a2t = 2(agh) (£ - 3 (e 0 2er - ") (24)

where (Ag') is defined in Equation 20, (AF') is ejector force
augmentation, and t_' is the time at which the ejector
action ceases. The term with (4g') accounts for the defi-
ciency in the gravity force, while the term with QA F')
accounts for the additional velocity imparted by the aug-
mented ejector force. Application of this correction re-
quires knowledge of the time of action of the ejector, which
generally requires knowledge of the applied aerodynamic
forces. However, an estimate of the time of action can be
made assuming no aerodynamic forces, and the resulting error
in the corrected displacement will be typically on the the
order of 2 percent. In Fig. 8, it can be seen that the
correction is quite good for all three cases.




N B. UNSTABLE STORE

Trajectory calculations for the smaller unstable store

| ! . are presented in Figs. 9, 10, and 11 for the same combi-
nation of scaling techniques‘as stated above for the stable
store. In this case, the Zull-scale Ilighrt <conditions wvere 1
assumed to be Mach number 0.9 at an altitude of 5000 feet.
The effect of Mach number dependency of the aerodynamic

‘ coefficients has an even more pronounced effect on the 1
Froude Scaling results for this store, changing the motion
from tumbling to oscillatory. The aerodynamic character-
istics chosen for this example were specifically selected to
show this change, and may overstate the case relative to any
actual store. However, it is important to realize the
changes that may occur so as not to be misled in inter-
preting test results.

- The Heavy Mach Scaling data show reasonably good sim-
ulation of the motion, again demonstrating the lack of full
damping of the pitch motion.

( The effects of augmented ejector force on the Light
Mach Scaling data for the unstable store are much the same
as for the stable store except that in this case the rapid
tumbling makes collision more likely. Thus, the need to
maintain a model flight path below the true flight path is
' more critical. The amount of augmentation required will
! depend on the store size and shape, and the geometry of the

installation on the aircraft. However, it appears that an
augmentation force (AF') of two to three times the gravity
deficiency correction would be suitable, and the corrected
data of Fig. 11 indicate that this would provide a reason-
able simulation.

VI. DISCUSSION

3 On the basis of the development of the scaling relation-

| ships, it would be desirable to be able to utilize the

,1 method referred to herein as the Froude Scaling technique.

! " To do so with confidence requires the knowledge, or assump-

; tion, that the aerodynamic forces and moments imposed on the

| store model will be independent of the wind tunnel operating

‘ parameters (i.e., Mach number and Reynolds number), or that
the aerodynamic loads are so small that typical variations

with Mach number will have little effect on the motion.

This latter situation would effectively rule out the need

for the wind tunnel since, if the aerodynamics are so un-

important, the motion could be evaluated by simple calcu-

lation. However, experience has shown.that the character of
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the flow around typical aircraft carriage locations has a
significant variation with Mach number at transonic and
supersonic speeds. Likewise, in this speed range the aero-
dynamic forces are often the predominant ones, particularly
at altitudes typical of tactical aircraft operation. Thus,
7€ must be nrepared o deal with the Mach number simulation
requirement, which leads to the use of the other scaling
techniques.

The calculations presented herein would seem to vali-
date the usual selection of Heavy Mach Scaling as the al-
ternative to Froude Scaling. Certainly, for the examples
presented, the comparison of model-scale data with full-
scale trajectories would provide an acceptable simulation
for all but the most demanding analyses. However, there are
some other practical problems that must be considered in
selecting the optimum experiment. As pointed out in Section
III.2., the Heavy Mach Scaling relationships generally
require model densities significantly higher than the den-
sity of the full-scale store. For model scale factors in
the range of 0.04 to 0.07, typical for many current wind
tunnel facilities, this often requires densities available
only by use of materials such as platinum, iridium, tung-
sten, gold, or depleted uranium. Of these, alloys of tung-
sten are generally selected, although gold has superior
qualities of formability, which is especially important for
non-axisymmetric shapes. For economic reasons there is
understandable, if sometimes irrational, reluctance to use
the precious metals for "throw-away" wind tunnel models.

Gold at $200 a Troy ounce would cost $2670 and $1060 for the
model weights calculated for the trajectories of Figs. 7 and
10, respectively. However, the models are recovered (al-
though often broken or chipped), and the salvage value of
the material would reduce the net cost significantly. As an
alternative to the use of exotic materials, the wind tunnel
operating pressure level may be reduced (assuming a variable
density facility) so as to permit the use of more readily
available materials. In this case, the Reynolds number
simulation is worsened, perhaps to the point of signif-
icantly altering the aerodynamic characteristics of the
models.

Turning to the use of Light Mach Scaling to alleviate
the problems of Heavy Mach Scaling should not be done too
hastily, however. Although the data presented herein show
that the measured trajectory coordinates can be effectively
corrected to infer the true coordinates, some general knowl-
edge of the store behavior is needed in advance to effect-
ively establish the proper experimental parameters. If a
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large ejector force augmentation is called for, this can

generate model design problems of a different nature than

! for the Heavy Mach Scaling models. For the data presented

i in Fig. 11¢, the required ejector force was 19 pounds and

" the model weight was approximately two and one-fourth
‘unces. This would correspond ¢ a nmodel Jensity ipbout 2all
that of aluminum. Although the required ejector force could

ax be reduced by reducing the wind tunnel pressure level, the

.l ' model weight would be reduced correspondingly.

p \.l

The choice among the various available experimental
techniques is thus not an easy one. From a purely ana-
lytical standpoint, the Froude Scaling and Light Mach
Scaling methods appear to offer the best overall simulation
of store motion. Model fabrication costs would also appear
to favor these methods. However, practical application of
these techniques runs afoul of the need to know much about
the aerodynamic environment in advance, whereas a primary
requirement for freedrop testing results from the highly
non-uniform, and largely undescribed, aerodynamic flow field

. surrounding an aircraft at transonic and supersonic speeds.

! If we are to continually demand more accurate and detailed

' answers from the experiments, then we shall have to be more

: detailed and sophisticated in our preparations for the

! experiments. Efforts currently underway to establish math-
ematical models of aircraft flow-field aerodynamics should
provide an important new tool to expand motion analyses,
such as the one reported herein, to provide greater insight
into the requirements for a specific experiment. This would
allow calculations to be made using each of the scaling
techniques for a given separation situation so that effec-
tive trade-offs could be made, and the most suitable experi-
ment could be selected with confidence.
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ABSTRACT. (U) A general purpose dynamic analysis package has been
developed which accurately simulates complex interactive behavior between
structural bodies and surrounding environments. This paper discusses some
of the unique capabilities of this analysis package, explains various separation/
trajectory problems which have been analyzed with it, and examines the po-
tential application of this new technology to the problems of store separation.
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INTRODUCTION

In the past, the analysis of separation mechanics problems has been char-
acterized by a multitude of computer programs, each developed in response to a
particular problem or class of problems, By employing this approach, many man-
hours are wasted in repeated program development, the probability of errors is
increased, and the nonuniformity of the programs makes their general use dif-
ficult. To meet the need for a general purpose separation mechanics tool, a
dynamic analysis package has been developed which simulates complex inter-
active behavior between structural bodies and surrounding environments. This
analysis package can be utilized in either of two modes: 1) as a finished product
in its own right capable of solving many "'standard' separation mechanics problems,
or 2) as an accurate, efficient framework of computational dynamics to which ad-
ditional modules can be added to tailor the package to a specific or unique problem.
In the field of store separation, for example, complex independently generated
aerodynamic theories can be incorporated to form a powerful analytical tool.




DESCRIPTION OF THE ANALYSIS PACKAGE
AND ITS CAPABILITIES

3 The term "analysis package" as used in this paper refers to a collection of

' computer programs and utility subroutines developed over a period of several years.
- At the heart of the package, however, are the computer programs DYNAMITE, an
F acronym for DYNamic Analysis of Mechanically Interacting Three-dimensional

| Elements (Reference 1), and DYNAMOVIE, a computer graphics program.

1 Because of the intended diversity of application, the package was kept as
general as possible. The user is free to select any convenient inertial and body-
fixed reference frames for use in the problem. Each body is treated in six de-
grees of freedom, and the number of bodies which can be accommodated is solely
dependent upon the available core storage of the computer. This is accomplished
by storing all of the variables in one large ''pool"” rather than in a number of in-
dividual arrays, each with a limiting size. The advantage of this method is that
the use of core storage can be optimized merely by changing one dimension
statement.

Before proceeding with a discussion of the features of this analysis package,.
it is appropriate to review the basic steps in the solution of any separation me-
chanics problem. The block diagram in Figure 1 illustrates these steps and
notes with an asterisk those areas where optional modules can be added to ac-
count for effects which are unique to a particular problem (e.g., aerodyaamics,
gasdynamics, or guidance and control).

A library of standard force generating elements is included in the package
simulating such things as:

Linear and nounlinear springs

Dashpots

Inertial-fixed forces such as gravity
Body-fixed forces such as rocket motors
Mutual impacting/sliding between bodies

This last feature is referred to as the point/surface impact element. It allows
the user to model areas of potential impacting/sliding between bodies as a com-
bination of points and surfaces as shown in Figure 2. The location of the im-
pact point in space is monitored at each timestep to determine whether an
impact has occurred and, if so, what normal and frictional loads are associated
with that impact. Elastic or inelastic collisions can be simulated by specifying
a coefficient of restitution or ratio of relative velocity after impact to relative
velocity before impact. In addition to simulating collisions between bodies,

] the point/surface impact element offers the user great flexibility in modelling
various constraint guides such as shear lips, guide rails, rollers, etc.

An essential aspect of any computer program is a concise, effective
means of presenting the results of the analysis. In the case of a dynamic,
multiple-body problem with the possibility of mutual impacting, this can
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best be accomplished via a computer graphics visualization of the problem. The
DYNAMOVIE program mentioned previously can depict complex separation/
trajectory events in a variety of forms. The analyst can display some or all

of the bodies irvolved in the problem and can select any viewing angle for the
event. This capability can be especially useful when the analytical results are
being compared with flight test films. If greater detail is desired, certain
ireas of the scene-can be “hiown-up'' for ~ioser inspection. The uispiav 2f -he
event can be accomplished on scope terminals, hardcopy plots, or in movie
form. In addition to providing a dramatic means of presenting the "final results"
of a study, a computer graphics visualization can also serve to quickly detect
anomalous behavior, suggest design solutions, and assess the effectiveness of
these solutions.

APPLICATIONS OF THE ANALYSIS PACKAGE
TO SPECIFIC PROBLEMS

Dynamic events to which the package has successfully been applied include
missile staging (Reference 2), RPV launch, reentry body separation, deployment
of an extendible aerodynamic spike (Reference 3), and submunition dispersal
from tactical guided weapons (Reference 4). Each of these examples has ex-
ploited different facets of the package's capabilities. The missile staging events
have been characterized by various guiding mechanisms such as rollers or guide
rails. Reentry body separation requires a precise modelling of the separation
mechanism to accurately determine the linear and angular rates imparted to the
body and may also require the incorporation of gasdynamic forces due to the body
flying through a thruster plume. The separation analysis of tactical guided
weapons is a good example of a many-body problem involving aerodynamic forces,
the possibility of collisions, and the need to present the results in computer
graphics form. The following discussion, taken in part from Reference 5,
focuses upon several tactical weapon systems whose basic operation is similar,
Following release from the aircraft, the vehicle is cut into a nose section, tail
section, payload section, and three panels which surround the payload section.
The dispersion of these components may be forced (e.g., resulting from internal
pressurization of the vehicle simultaneous to the cutting) or may be due solely
to aerodynamic forces.

As a first step in analyzing the separation dynamics of a tactical guided
weapon, the computer graphics technique can be used to visually locate specific
areas of potential collisions between components. This is accomplished by per-
forming an initial analysis in which no impacts are included in the model, thus
allowing bodies to pass through one another. For example, in system "A'" de-
picted in Figure 3, operating with a given set of flight conditions, it is found
that: 1) the aft surface of the nose section will impact/slide over the forward
part of the payload section, 2) the aft tip of the winged, upper panel will impact/
slide along the cylindrical surface of the tail section, and 3) one of the side
panels initially moves radially away from the payload section but then returns
to impact it. The areas which have been identified can then be modelled to simu-
late the forces generated by such impacts and the analysis can be rerun as shown
in Figure 4. This approach results in a great savings of both man-time and com-
puter time by eliminating the need to model the entire structure to account for all
possible impacts.
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1 Side View and End View of Example System "A"
' Modelled With No Impacts
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Figure 4
Side View and End View of Example System "A"
Modelled With Impacts
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Example system "B'" shown in Figure 5 is intended to illustrate two impor-
tant aspects of using computer graphics to study separation events. Note first
that two views of the sequence are necessary to comprehend the relative posi-
tions of the components. In this particular case, the nose section happens to
pass through the developing pattern of payload bodies untouched. Under slightly
different flight conditions it can be expected that the nose section will impact
several of these pavload bodies. The design modification which was provosed to
prevent this anomaly consisted or rigidly connecting the nose ana {al sections o1
the vehicle via a center post. This solution was suggested by viewing the se-
quential pictures shown in Figure 5. Hence, note second that the computer
graphics technique can serve as a visual aid inspiring solutions to operational
anomalies.

An example of 2 more complex separation system is illustrated in Figure 6.
A side view of the entire system prior to deployment is shown in Figure 6a,
while in Figure 6b the three panels and the payload bodies have been removed to
point out that the four tail fins are attached only to the tail cylinder and are canti-
levered out over the panels with a small radial clearance or gap. Each of the
tail fins is assembled to the tail cylinder by fitting a tab into a mating slot on
the tail cylinder as shown in Figure 6c. The tab is then secured in the slot by a
single break bolt. This system was originally intended to operate as follows:

® The nose section, tail section, and panels are ordnance severed

¢ A simultaneous pressurization of the payload section drives the panels
and the payload bodies outward ‘

e The panels impact the cantilevered portion of the tail fing, prying them J
a;z:y from the tail cylinder and failing the break bolts (see Figures 6d
and 6e)

e The four loose tail fins are then pushed out of the way by the panels
allowing the payload pattern to develop

When this system was analyzed as shown in Figure 7, it was found that the forces
required to fail the break bolts retarded the deployment of the panels to such an
extent that many impacts occurred between the payload bodies and the panels.

The feasibility of "spin-deploying' large numbers of submunitions has also
been studied with the analysis package. The vehicle referred to as example
system "D" in Figures 8 and 9 was given a large initial angular rate about its
longitudinal axis to create a centrifugal deployment force rather than the internal
pressurization discussed previously. The separation sequences shown in Figures
8 and 9 reveal that six of the 24 submunitions are impacted by the rotating panels.
Often it is necessary to assess the effect of such collisions on the ground impact
pattern of the submunitions. This can he accomplished easily via the point/
surface impact element described earlier. By modelling the ground as an impact
surface and tracking points on the submunitions, the impact location of each sub-
munition will automatically be output.

Another important use which has been made of the analysis package is in
conducting pretest and posttest simulations. Figures 10 and 11 are partial
representations of a submunition deployment ground test in which an anomaly
was discovered. When the deployment charge is released, gasses are created
which drive the three submunitions outward but which also act on the left and
right bulkheads and result in a net force which drives the support structure to
the right in Figure 10. This motion is sufficient to cause a collision between
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Side View and End View of Example System "B
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Side View and End View of Example System "C"
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Figure 9
End View of Example System "D"
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Figure 10
Side View of Ground Test Simulation
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Figure 11
End View of Ground Test Simulation
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the inner submunition and a ring which protrudes from the left bulkhead. The ac- 3
curate reproduction of these test results on the computer allowed the analysis
package to be used in assessing and picking a design fix for the problem.

APPLICATION OF THE ANALYSIS PACKAGE
TO STORE SEPARATION PROBLEMS

‘Vhile :his dynamic anaiysis pacxkage was uot speciticaily deveioped Jor the
soiution of store-separation problems, it possesses many capabilities which
would be useful in that field. The modularity of the package allows it to be
tailored to any particular problem. For example, independently generated
store-separation aerodynamic routines can be incorporated and evaluated.

The package might be used as a base through which various aerodynamic ap-
proaches could be compared. Another advantage of this package is that it
would allow release mechanisms to be modelled and included in the analysis.
By doing so, operational anomalies of the release mechanism may be dis-
covered and the loads imparted to the store and to the aircraft structure by
release can be accurately calculated. Parametric studies can be run to deter-
mine flight envelopes which ensure collision-free separation of the store. In
the case of accidental collisions, impact loads can be calculated and their ef-
fect upon the subsequent trajectory accounted for. Perhaps one of the most
useful features of the analysis package is the computer graphics capability.
The results of a complex dynamic analysis can be presented in a form which
promotes a visual understanding of the physical operation of a store separation
system.
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A BROAD BASED TECHNIQUE FOR THE PREDICTION
QF STORE SEPARATION.
)
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by

D.GARDNER and A.L.GUEST

British Aircraft Corp.Ltd.,
Military Aircraft Div.
A British Aerospace Company
Warton Aerodrome,
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ABSTRACT (U). This paper describes the method in use at BAC
for the prediction of store separation characteristics.

The basis of the method is a very flexible mathematical model
solving for the motion of a store in six degrees of freedom and using
irput data from a wide range of information gained from the wind tunnel
from flight or from theory as available.

The paper discusses, with examples, the shortfalls in some of the
various types of wind tunnel information used to support the prediction
of store separation. It is suggested that, in view of the restrictions
that apply to the interpretation of any single wind tunnel tests, employ-
ing even the most sophisticated techniques, there is virtue in a method
which basis its predictions on a balanced assessment of a broadly based
programme of testing.

Such a broad based technique for the prediction of store separ-
ation has been developed by BAC. It is currently in use to predict
jettison/release behaviour of a wide range of passive and active
stores at speeds from take off to Mach 2+ .

-

Approved for public release; distribution unlimited.
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1eINTRODUCTION

Military aircraft are generally designed around a set of specific
performance and store carriage requirements. These stores are often
mounted extermnally te give *the airsoraft more flaxibility in +he numbers
ang Types ©I stores chat caa ve carried sSuca iat it 15 not anusual to
find many hundreds of aircraft configurations are possible by the time
the aircraft is in service. The flight clearance, jettison or release
of these stores presents a potentially large, costly and hazardous
programme of work and a way of minimising such a programme is essential.
Many pre-flight analysis methods now exist to fulfil this task, generally
based on a mix of analytical and wind tunnel technigues.

This paper discussed with examples, some of the shortfalls in some
of the various types of wind tunnel information used to support the
prediction of store separation. It is suggested that, in view of the
severe restrictions that apply to the interpretation of any single
wind tunnel test employing even the most sophisticated techniques, there
is virtue in a system which bases its predictions on a balanced assess-
ment of a broadly based programme of testing. Such a system should be
capable of employing both wind tunnel results and theoretical estimates
in a manner which imposes a compatibility test to the data so as to
minimise the potential risks from interpreting the results of any one
particular source of data. An additional advantage exists if limited,
easily obtained flight data can also be used, such as installed carriage
loads.

Such a broadly based method has been developed by the British Aircraft
Corporation, Military Aircraft Division, and is currently in use to
predict jettison/release behaviour of a wide range of passive andactive
stores at speeds from take off to Mach 2+ .

The method described is based on a very flexible mathematical model
that allows use of a wide range of information inputs from the wind
tunnel, from flight or from theory as available.

The examples given are based on experience gained from programmes of
testing for several aircraft types.




3

THE BASIS COF TECHNIQUE: EARLY VERSIC

The technique which Will be described in this paper is a derivative
of earlier mathematical modelling methods which have been under contin-
10us "13e 1nd leveicprment at ZAC Ior nany 2afc. ST L3 vorTa rerly
describing the basic principles of the technique and summarising the
capabilities of the earlier versions of the model as an introduction

to the main discussion.

A computer program calculates store motions with six degrees of
freedom and allows for a representation of aircraft manoceuvres. The
aerodynamic forces and moments acting or the store are calculated by
superposition of store aerodynamic characteristics and aircraft flow-
field characteristics. Corrections are applied to allow for flow-
field curvature. .

Aerodynamic loading in the installed position which often differs
drastically from the computed values was allowed for in the earlier
versions in the form of local flow increments to the nose and tail of
the store. The increments were reduced from the installed position to
zero at a depth where it was considered that the interference effects
they represented were negligible. The effect of ejector releaseunit
forces and moments were represented where they were applicable. The :
information which the program used for its calculations was based on i
both wind tunnel testing and standard estimating methods such as
DATCM. The aircraft flowfield characterisitcs were calculated after
the method of Alford (Reference 1). Figure 1 illustrates the concept
very simply and Reference 2 presents the performance of this standard
of model.

STORE AIRCRAFT )
AERODYNAMICS, FLOWFIELD INST
WEIGHT, ALLED
INERTIAS ETC. STORE
LOADS
ERU. CHARACTERISTICS PROGRAM ——
1
(FEEDBACK)
STORE i
TRAJECTORY |
WIND TUNNEL '
- COMPARE
—

JETTISON TESTS /

Figure|. THE MATHEMATICAL MODEL (EARLY VERSION)
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Figure 1 also illustrates the technique used to validate the
mathematical model, which is refered to as 'matching'. Basically,
the mathematical model is used to predict a jettison trajectory under
the same conditions as a dynamically scaled wind tunnel jettison test
and *he *wo trajectories are compared. The mathematical model is
agjustec Jy varylng tie iLnputs saown Lo ha ilagram ind she trajectory
re-calculated. This process of 'matching' the mathematical model to
the wind tunnel test is repeated until an acceptable agreement exists.
The cycle is repeated for a range of different wind tunnel drop condit-
ions, varying aircraft speed, incidence, and store location, in order
to enlarge the validation base as far as possible. When validation is
adequate the model can be used to predict jettison trajectcries for
conditions not covered by wind tunnel jettison test. The model is then
used to predict jettison behaviour prior to initial flight trials and
as information becomes available from those trials, is re-matched
against the full scale results. The updated model can then be used to
extrapolate the flight trials results to define the limiting jettison
envelope.

The principle of using a mathematical model to co-ordinate different
types of wind tunnel tests and relate them to full scale trials results
has proved to be basically very sound. Comparisons with flight trials
results, Figures 2 and 3 show that with adequate matching the simulation
was excellent. In addition, the method provides a very useful tool for
the early stage of an aircraft programme when wind tunnel information is
often not available and all predictions are bhased on estimated aircraft
and store parameters. Later in the aircraft programme the model is able
to respond far more quickly and flexibility to design changes than is
possible with the hardware based wind tunnel techniques.

However, the simulation of sensitive stores was found to require
considerable matching effert, and, as a result of the simple treatment
of interference effects, was often limited in its ability to extrapolate
its predictions accurately very far beyond the range of conditions against
which it had been directly matched and particularly into the compressible
region.

3. DEVELOPMENT OF THE MODEL

Three factors influenced recent development of the model :

1. The requirement to identify and represent aerodynamic interference
mechanisms in much more detail.

2. The Tornado aircraft store release and jettison design requirements.

3. The availability of powerful, flexible data storage and access
subsystems.
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Early this decade considerable evidence was becoming available,
Reference 3, regarding the significance of aircraft/store mutual inter-
ference effects, particularly in respect of high speed weapon release
problems. The interference mechanisms are toc complex to be deduced
cursly Sy ‘he matching vrocess already described. Fram the outset =
e iaveliopment oI the program Lt .as wxXpected hal wind tuldnei I£3TIng
would be conducted on a broad front to provide sufficient data to permit
interpretation of the interference mechanisms when these were known to
be important.

The basic drive behind the need to improve the model was supplied
by the swing wing multi role Tornado aircraft programme. The philosophy
of producing a weapons system with a relatively small airframe carrying
a large number and variety of stores which would be released or jettisoned
over a wide combination of speeds and wing sweep positions ensured that
the demands put upon the stores clearance programme would be very con-
siderable in terms of both quantity and quality. It was evident on
purely economic grounds, that in order to minimise flight trials the
back-up wind tunnel and jettison simulation facilities should be made
as effective as possible.

2.1, DESCRIPTION COF THE DEVELOPED MODEL

The matching' process described for the earlier models remains the
foundation of the developed model and the treatment of store interference
close to the aircraft can be said to be the major area of improvement to
the model.

The flow-field through which the store passes as it leaves the air-
craft is considered to comprise of three zones (See Figure &4).

—

—

ZONE 3 (1=2m) INTERFERENCE FIELD

7

ZONE 2 7(4-5m)NEAR FIELD

4

ZONE 1 FARFIELD

Figure 4 AIRCRAFT FLOWFIELD - DESCRIPTION OF ZONES,
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ZONE 1 - Far field :

In this zone, the flow is completely free stream. It is
not influenced by the presence of the aircraft.

SQE 2 - lleur Ziela :

In this zone the flowfield is influenced by the presence of
the aircraft. Flow direction, local Mach number and local
dynamic pressure are all assumed to be influenced by the
presence of the aircraft.

ZONE 3 - Interference field :

In this zone, the flowfield is affected by both the presence
of the aircraft and the presence of the store due to a mutual
interference between them.

The basic calculations in Zones 1 and 2 assume that the aerodynamic
forces and moments operating on the store at any positioa can be calcu-
lated by superposition of the store free air aerodynamic characteristics
and the local flowfield characteristics that exist, in the absence cf
the store, at that position.

The forces acting oa the store can thus be described ty the equation: t
F = Cgfree air 5 X local flow conditioRs eececceccees ;
characteristic 1

This assumption has been confirmed as adequate fram our earlier
modelling experience. The effect of flowfield curvature is allowed
for by defining the store as several discrete components having their
own local 1ift slope and mcment characteristics. Dynamic terms are
defined, normally, as they apply to the total store although they can
be applied separately to store components.

In Zone 3 where the presence of the store may drastically distort
local flow conditions, it is necessary to define the situation in more
detail. In this region additional intereference terms must be defined.
Conditions in Zone 3 create the initial store disturbance motions that
tend to define the character of the subsequent trajectory. An under-
standing of the nature of this interference is the key to useful extra-
polation beyond the available wind tunnel or flight jettison demonstration.
Consequently, the majority of available funds and effort is aimed at
trying to define conditions in this zone. The forces acting on the store
can be described by the equations :

F 3 free ‘air ) X local flow conditions +i§terference i
characteristics) eveascaanensd
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3.2. THE PROELEMS OF ZONE 3

4 ‘ Rigorous theoretical treatment of aerodynamic loads on stores
' in Zone 3, usually dominated by viscous and compressibility effects
is not wossikls 2t »resent. The availabls “hree iinmensicnal “heor-
etical Jethods are as yec, oI .iuitea 7aiue and aithougn progress .s
‘ being made at BAC and elsewhere, to make some allowance for compress-
‘ | ibility and viscosity the allowances tend to be in the nature of
3 empirical corrections rather than an extension of rigorous theory. It
B is evident that any real attempt to define conditions in this zone
i must be based on experience and on such wind tunnel and in-flight
3 ! measurements that can be usefully carried out. To make matters more
' difficult, the compressibility and viscous effects that cause problems
. for the theoretician can produce very misleading wind tunnel results
! as well, It is therfore necessary to be véry cautious when interpreting
wind tunnel results, and it is unwise to accept unusual loads and moments
without understanding their source. Given that wind tunnel testing is
prone to a range of modelling and scaling errors it is important to
= define the interference mechanisms so that a reasoned assessment can be
| made of the presence and consequence of these errors.
~

; Interference effects cannot generally be measured directly. They
-’ must be deduced from the comparison of different types of wind tunnel
test. In essence therefore, Equation 2 is re-written in the form :-

X local flow conditions

ecsccecscal

' F. = F -C N
X interference [ free air g
{characteristics

. / Y » .
and the engineers effort is concentrated into understanding Finterference.

Loads acting on the store and measured in the installed position;
loads measured as the store is traversed through the initial trajectory
stages; loads computed from known flowfield and store aerodynamic
characteristics; loads inferred from the results of scaled jettison
tests; can all be compared directly or indirectly using the mathematical
model.

‘j As a result of such comparisons additional testing may then be
scheduled to assist definitionm.

|
}i The flowchart in Figure 5 shows the developed model with its
" variety of data options.
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g 4, USE OF WIND TUNNEL TESTS

¥ There are five principal types of wind tunnel tests which provide
i“ data of use in the prediction of store jettison and release. Four of
X the five are in the nature »f static neasurements *hat lefizs -he
szaractar oI the alrerart and the store and their lataraciion. iithout
= same form of mathematical modelling the information they proviace :annot
, ' be quantitatively employed.

The five types of test are :-

; ! 1. Measurement of aircraft flowfield characteristics
2. Measurement of installed store loads
- : 3. Measurement of store free air aerodynamics

3
o 4, Measurement of loads on the store immediately after release |
: (trajectory loads).

5. Dynamically scaled model jettison tests.

Lo1, STORE AERODYNAMICS

In general the effect of store stability has a very significant
input to the character of a jettison trajectory. Measurement of store 1
stability, in terms of pitching and yawing moments, is made difficult
by the susceptibility of both parameters to interference from the model
support structure. At low speed, these effects can be minimised by
careful use of a rig of the type shown in Figure 6.

Lo " . iR

==

s % STRUT SUPPORTS
| TRAVERSE

WIND

. -
A —

-—

> -~ -

/

Figure 8 MODEL INSTALLATION AT LOW SPEED FOR THE
MEASUREMENT OF STORE AERODYNAMICS .
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However, at high speed where aft sting mounting is almost universal,
the interference effects are potentially very serious. In the case

of a store with a boatiail where the supporting sting inevitably
distorts the lines it is pointless to attempt the testing without a
ubsidiare nregramme aimed 2t iefining the 2ffact »f the diztorticn.
Zven in the case of »iurf enced stores where aistortion may appear to
be quite small the effect on store stability can be significant, Fig.7.

Cross flow Reynolds number is known to signficantly affect store
stability at moderatély high incidence which can occur during the
trajectory. An understanding of these effects is vital to a sensible
interpretation of scaled model jettison tests.

It is not generally cost effective to attempt to measure the
aircraft flowfield for a large range of store configurations. In
the Tornado programme measurements were taken of four flowfield
parameters, at 128 positions beneath the aircraft at 11 incidences,
8 Mach numbers, 3 sideslip angles, and only two aircraft configurations
using variations of the rake shown in Figure 8.

NOTE:=4 x4 RAKE
- SOME PROBES
OMITTED FOR CLARITY.

Figure8. AIRCRAFT FLOWFIELD ‘RAKE .

Although there is no problem arranging for the release program
to have access to the required data it is obviously necessary at some
stage to scan the data for inconsistensies and errors. It has been
necessary to provide considerable programming support to display and
cross plot the data in order to minimise the engineer effort required
for editing. As anticipated, some difficulties in bringing the rake
close to the aircraft have been experienced due to mutual interference

between rake and aircraft model.
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It has therefore been our aim simply to define in general terms
the flowfield of the clean aircraft for use, together with the store
aerodynamics, as a base line against which to define interference.

L, 3, INSTALLED STCRE LOADS

The aerodynamic forces and maments acting at the moment of
release can be defined by the measurement of the installed store
loads. The advantage of this type of test is that it is relatively
straightforward, it can usually give a reliable indication of the
onset of campressibility problems and can relatively cheaply scan the
full range of aircraft flight conditions. However, in relation to
their application to jettison prediction, there are problems of
interpretation. Figures 9, and 10 show two types of store install-
ations and by means of flow visualisation illustrate the relevance
of installed loads measuremerts as a means of indicating the sensit-
ivity of jettison conditions to Mach number. In the case of the large
stores, fuel tanks, shown with one removed for clarity, there is clear
evidence of local sonic flow developing at about 50% length at this
aircraft Mach number. In the case of the bombs on a twin store carrier
it can be seen that there is effectively no flow between the stores and
there is evidence of a shock at 50% of the forward bomb length in response
to the general blockage created by the stores. In the first case one can
expect the variation of store loads and moments with Mach number to have
a predictable effect on jettison behaviour. In the second case flow will
not develop between the stores until one of them is jettisoned. The
differences between loads installed and loads during the initial movement,
which govern jettison behaviour, will be considerable and impossible to
predict from a consideration of installed loads alone.

4,4, STORE TRAJECTORY LOADS

These loads are measured using a twin sting rig as used in the
captive trajectory concept, Figure 11. The loads and moments on the
store are measured as it is positioned below the aircraft approximately
within the predicted volume to be swept during a release. The purpose
of these measurements is to gain an understanding of the interference
mechanism. The store is not generally required to be positioned rig-
orously along its predicted trajectory history, as in the captive
trajectory technique; nor is it positioned using the grid technigque
which aims to set up a data bank. The purpose of the measurements is
to support and investigate data supplied by or deduced from other testing.
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FIGURE 9: Flow visualisation - Illustration of sonic flow
between tanks.

FIGURE 10: Flow visualisation ~ Illustration of shock
development arcund a multi-

bomb installation.
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Figurell. STORE ‘TRAJECTORY ' LOAD MEASUREMENT.

The difficulties associated with this type of measurement are
well known. Apart from the practical difficulties which make it
difficult to deal with stores which have very high initial pitch
rates and the trade off between rig flexibility and tunnel blockage,
the principal problems are associated with rig interference, and
results from these measurements again require careful interpretation
and understanding.

4.5, DYNAMICALLY SCALED JETTISON TESTS

This test is the corner stone of reliable mathematical modelling.
Being the only 'dynamic' test its purpose is to verify the engineers'
collecting together and understanding of the other wind tunnel 'static’
data and thus by tuning or 'matching' of the model to these tests to
provide the final tool for pre-flight analysis of store separation.

It is therefore fundamental that reliable, repeatable information
is obtained either from low speed or high speed tests using 'light
model' or 'heavy model' techniques; all can be simulated exactly by the
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EJECTION VELOCITY

mathematical model and hence all can be wsed to tune this model.

It is likely that the static tests will themselves indicate whether
high speed dynamic tests are necessary dependent on the rate of change
of interference terms with Mach number.

This simulation is updated by early separation trials in flight
and thence continuously as the flight programme develops.

3. E. R. U. PERFORMANCE

ERU performance and the effect of structural flexibility on
this performance are necessary inputs to any pre-flight.analysis.
The former is usually available in general terms from the ERU man-
ufacturers though not always for the mass or throttle setting intended
for a particular store. The effect of aerodynamic loads on the ERU
performance are not generally known and special tests may be necessary
if such effects are anticipated, modelled, and shown to be significant.

A separate mathematical model has been developed at BAC to
estimate ERU performance under various loading conditions, using a
similar 'matching' technique, with a view to mimimising this type
of testing.

The effects of structural flexibility on ERU performance must
not be ignored and a 'pit drop' is recommended prior to flight where
any significant loss in performance is anticipated. An awareness by
the engineer of such a situation is necessary, e.g. the second bomb
from a twin carrier may exhibit a lower ejection velocity than the
first and may prove to be a function of time, see Figure 12.

BOMSB 1

BomMS 2

0.0 0-1 0-2 0- 0s V

. 3 .
TIME AFTER RELEASE OF 13t BOMB(SECS)

Figurel2 EJECTION VELOCITY OF BOMBS FROM TWIN CARRIER,
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| 6. TYPICAL CASE HISTORIES

: Y The value of using a wide range of information inputs to the
1 ' model can best be demonstrated by describing typical case histories
k| for a missile and for a large tank.

6.1. CASE EISTORY 1 - MISSIIE

t
3 l In this case the configuration consists of several fuselage
k- mounted missiles. The missiles are ejected from the installation
» prior to motor fire as opposed to being rail launched. The missile
stability was augmented in the release mode but not in the emergency
jettison mode. The missile was expected to be vulnerable to release
disturbance problems during the ejection phase. The wind tunnel pro-
gramme as it developed is shown in Figure 13.

%~' 6elels Stage 1 - Initial prediction - low sveed.

i Store areodynamics data were available from the manufacturers
| wind tunnel tests, measured at 1/2.8scale at speeds down to M=0.6.
- Store installed loads at low and high M, and low speed aircraft
;| flowfield characteristics were the first wind tunnel results available.
’ On the basis of these tests and the manufacturers missile data a series
. of predictions were made of jettison behaviour at low speed conditions
i equivalent to those which would be simulated in the low speed scaled
R jettison tests. On the basis of the installed loads it was expected
that in general the missile at Station A would exhibit the worst behaviour
through the speed range. A prediction of its behaviour at low speed is
; shown in Figure 14, compared with an actual tunnel drop. The embarassing
- discrepancy gave rise to a period of intensive study of the mathematical
i model inputs; the flowfield, installed loads, ejector unit, interference
assumptions, and missile aerodynamics. Model ejector performance was
found to be slightly lower than expected, but did not provide the explan-

é ation. From the mathematical modelling of a range of wind tunnel drops,
B~ it became azpparent that the only two inputs that could influence the
el jettison in this way were missile stability and damping. This conclusion A

[4 was reached with some reluctance as the missile data could not be faulted.
Estimates of missile aerodynamics using a technique, Reference 4 which
3 included the effects of vortex interference produced results which were
ﬂ‘ compatible with published data.
!
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HIGH SPEED TUNNEL TESTS

LOW SPEED TUNNEL TESTS

4
FLOW SURVEY
A 4
INSTALLED LOADS
3
L 4

JTETTISON TESTS

A 4
FLOW SURVEY (rnmsomc) |

| Fuow survay (supersonic)

Y
JTETTISON TESTS

A  J
TRAJECTORY LOADS

48

.
TRAJECTORY LOADS

e e——

FIGURE.13. MISSILE~ SUPPORTING WIND TUNNEL PROGRAMME
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FIGURE.16. MISSILE-INTERFERENCE FIELD AT LOW SPEED.
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It was decided to examine the missile aerodynamic characteristics
at the speed and scale conditions of the jettison tests. This was
undertaken as an extension of the low speed trajectory loads programme

‘which was carried out at the same scale. The sting support system was
not expected to influence the missile stability significantly as the
design ~oaus, Ior this Low speea testing Were ama.l ailowing a siender
sting-and the bluff missile afterbody did not have to be distorted;

‘ the sting itself had a parallel section aft of the missile leading

gradually to an increase in cross section. The results are shown in

‘ Figure 15 compared with the published data, and modelling based on these

| results was much more successful. The difference is assumed to be due

to Reynolds Number but no comprehensive explanation was sought as high
speed data became available which indicated that the design case for
the system was, overwhelmingly, in the high speed regime.

Y, -

Following measurement of the aerodynamics of the missile, low
speed trajectory loads were measured. These indicatad that, at low
speed, the interference term was a relatively straightforward function

: of distance below the aircraft and decayed to zero over a distance of

| approximately 1m full scale, Figure 16. Using this information together
i with the measured aerodynamics, 'matching' comtinued, and a wide range

; of conditions were matched with variation of aircraft incidence, speed,
! ejector velocity and pitch rate inputs. It was deduced that missile

' damping varied considerably with incidence and that a further slight
variation of missile stability was required to maintain the match for
all conditions. Figure 17 shows the effects of missile stability and

damping on missile attitude history. i
EFFECT OF DAMPING EFFECT OF STABILITY
9 ] 9 DECREASING
MISSILE INCREASING MISSILE STABILITY
PITCH DAMPING PITCH
ATTITUDE ATTITUDE
+ - + ~—
TIME TIME

INCREASING
DAMPING

AN

‘ DECREASING
J STABILITY

Figurei7. EFFECT OF DAMPING & STABILITY ON MISSILE PITCH RATE.
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It can be seen that the two effects can be isolated provided the

range of jettison conditions is adequate. The final matched stability
is shown in Figure 18 with a comparison of matched damping against the
published value. The final standard of match achieved is indicated in
Tizurs 19 and 70 and lias within the %olesrances 2f “he 2ila znalysis
of the wind tunnel drops.

6.1.2. Initial predictions - High speed

High speed measurements of the missile aerodynamic characteristics
proved to be very close to the original published information, tending
to confirm that the low speed discrepancies were due to the extremely
low Re number. These measurements were preceded by high speed flow-
field measurements. The flowfield results were un-remarkable except
that some probes close to the aircraft produced spurious results due
to interference. It is also worth noting that the tests provided no
useful indication of the aircraft shock patterns which were subsequently
assessed from Schlieren photography which is a standard output of most
high speed testing.

As high speed jettison results became available, transonic and
supersonic, they proved to be worse than predicted. The predictions
had been based on relevant high speed installed loads, but the inter-
ference effects had been deduced from low speed results. Examination
of the results showed that, as in the low speed tests, the ejector
unit was not providing adequate performance. This lead to a long study
of ejector performance. In order to examine aerodynamic effects ejector
performance was by-passed in the model simulation and missile velocity
and pitch rate at the end of the ejector stroke were used as the start
of the trajectory. Even with this allowance for inferior ejector per-
formance, it was not possible to explain the discrepancy. It was
evident that a large nose up pitching was being applied to the missiles
with missile 'A' being the worst case. The high speed trajectory loads
confirmed that such moments did exist.

6.1.3. Stage 3 - Investigation of high speed interference mechanism

Figure 21 shows pitching moment data measured on two missiles
'A' and 'B' as a function of distance below their installed positions,
at a supersonic Mach number. Schlieren photographs showed that the
tail of Missile 'A' could be under the influence of a very strong
aircraft shock system dominated by the engine intake shock. The system
operating on Missile 'A' could conceivably be powerful enough to produce
the pitching moment measured on that missile but such a conclusion
would not admit a decay in shock strength as it 'carried over' under
the fuselage.
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FORT S

There was no obvious aircraft shock system operating on Missile 'B!'
; the only interference mechanisms that could cause the pitching moment

'n' and normal force ccmbination, as measured, was thought to be the shock

' from the missile wing reflecting “rom the aircraft fuselage onto the
missile *%ail Juring *he 2jection strcice. Examination of “he results
at a range oI .aca sumbers and aircralt anqa Jissile attituce ccmpan-
ations supported this conclusion. To confirm this interpretation of

t the results it was decided to take static pressure measurements along
the fuselage to define the point of shock reflection, the results are

shown in Figure 22.

Returning to Missile 'A’', it was obvious that the same shock
reflection mechanism must occur. Subtracting the effect of shock
reflection from the measured pitching moment on this missile reduced
the effect required from the aircraft intake shock system to a more
rational level.

Once the supersonic interference mechanism had been established, ]
3 and confirmed by matching, it was examined for source of error or -
- misrepresentation. It was obvious that the shock reflection mechanism,
' affected as it is by boundary layer conditions, will be subject to
. Reynolds number errors and an estimation of this effect at full scale,
: with tolerances, can be made.

Another source of error, caused by wind tunnel modelling constraints,
was the low model intake mass flow. The model used for both high speed
jettison tests and trajectory loads measurements provided subcritical
intake flow due to constraints on intake, duct and efflux geometries
caused by the need to fit large ejector release units inside the model
to cater for the jettison tests. Tae result was a forward movement of
the intake shock system which thus passes the missile at a different
position than will be the case at full scale. Recognition of this fact
has allowed correction to be applied to the 'interference terms'.

6.1.4, Summary

In the case of this study there is no alternative to mathematical :
modelling to determine missile launch characteristics, as there is no 4
- other way of representing the missile motor, cg variation, and control
e characteristics. As the wind tunnel data was gathered and analysed
k. predictions of missile launch behaviour were produced and updated to
provide evidence for design decisions. The mechanical problems en-
countered in the jettison tests with the ejector units, could be
corrected for in the mathematical model. In the same way the un-
representative 'light body' scaling of the high speed jettison tests
presented no difficulty. Once matched to the high speed tunnel conditions
the simulatbns were exactly represented. In this case the cost effective-
: ness of a broadly based test programme with sufficient redundancy to
- allow compatibility checks, is clearly shown. A camparison of the final
u standard of matching achieved is shown in Figure 20.
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b 6.2, CASE 2 - EXTERNAL TANK

k] ——

3 In this case the store is a large external fuel tank carried on

{’ the wing oylon of 2 strike aircraf+. Although the installation itself

' is relatively straignt Iorward the aizhly swept wing and high wing

loading of :the.aircrart combine sc create strong and unfavouraple

flowtield effects. The tank tail rins are not symmetric, due to geom-

k etrical constraints and hence, tank lateral stability is much lower

,;' than tank pitch stability. These aerodynamic problems were rendered
more critical by the usual problems associated with this type of store:

the large range of store mass and c¢cg position combined with the low

density of the empty store.

6.2.1. Stage 1 - Early matching attempts

- The aircraft flowfield and store installed loads and moments were
X defined by wind tunnel testing. The flowfield measurements showed, at
- the tank installed station, the flowfield sidewash to be of the same

[PV

; order as the aircraft incidence for most of the aircraft incidence
i range. The significance of this is that the flow vector is effectively
! rotated 45 degrees out of the pitch plane. |

i The asymmetry of the tank tails made it difficult to estimate
either pitch or yaw stability or stability in a rolled plane. Attempts
were made, with partial success, to use the ’‘matching' process to
deduce tank stability. However, there were too many variables involved
as the tank, itself pitching and rolling, passed through a rapidly
changing flowfield. For limited cases an acceptable match was achieved i
but the accurate representation of a wide range of cases, which is
necessary for validation was not achieved. It was decided that it was
essential to measure the store aerodynamics.

6.2.2. .Stage 2 - Measurement of the tank free air aerodynamics

. lr 2 a

The tank aerodynamics were measured in a low speed wind tunnel at
1:3 scale using a rig similar to the one showing in Figure 6. The tank
pitching moments are shown in Figure 23. It can be seen that at a roll
angle of 90 degrees, equivalent to a zero incidence sideslip conditienm,
there is a large nose up pitching moment. This had not been expected
and was found to be due to the local flow effects at the root of the
horizontal tails which had significant anhedral.

o An important part of the testing was an investigation of Reynolds
number effects with particular reference to the conditions at which the
low speed jettison tests were canducted. Fig.24 shows the effect of
Reynolds number on the pitching moment. It can be seen that at moderate
to high incidence the effect of crossflow Reynolds numbers is significant.
The results showed that the jettison test results might be misleading in
cases where the tank rotated beyond moderate incidence.
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6.20 - St e - Fin m tchin

Once the complex aerodynamic characteristics of the tank were
incorporated in the simulation, matching improved enormously.
Tizures 25 and 25 indicates the standara 4T 2atcling chat vas acaizved.
The most significant discovery was the extreme sensitivity of the tra-
jectory to tank roll behaviour. This nad an important bearing on the
interpretation of the jettison tests, where, due to the difficulties
of manufacturing very light scaled stores, it had not been possible to
maintain the three principal inertias, as well as the correct cg position.
A cancession had been given on tank roll inertia as it was not considered
to be of great significance and this was now shown to be incorrect.
Similarly, use of the installed store loads results to extrapolate
predictions beyond the speed range covered in the low speed jettison
tests required care because balance accuracy was poor in the roll

sense,

Use of the mathematical model in this case established the critical
sensitivity of the trajectory to tank roll behaviour. Once this had
been established it was possible to correct for errors and examine the
effect of realistic tolerances. The mathematical model with its
supporting wind tunnel tests permitted a valid interpretation of wind
tunnel jettison drops that might otherwise have been misleading.

7. CONCLUSICONS

The benefit of the broad based technique described here is its
flexibility and adaptability to the input information available. Ea